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LA en 
AL en/sl 
AB Dothistroma needle blight (DNB), caused by Dothistroma septosporum and D. pini, and Brown 
spot needle blight, (BSNB), caused by Lecanosticta acicola, belong to the most harmful and 
important pine diseases today. DNB has been present in Southeastern Europe since the 1950s 
and BSNB since the 1970s. Recent outbreaks of BSNB and the fact that DNB is widely spread, 
made it necessary to study the population structure of these disease agents by measuring their 
genetic variety in phylogenetic, mating type gene and microsatellite marker analyses. In 
addition, the diversity of certain morphological traits was determined and migration patterns 
evaluated through use of coalescent-based method. Populations from Slovenia, Serbia and 
Croatia, obtained from Pinus nigra, P. mugo and P. halepensis, were selected for the study and 
compared with populations from Europe (EU), North America (NA), Central America (CA), 
South America (SA), Africa (AF) and Australia (AU). Serbian and most of Slovenian D. 
septosporum isolates grouped in phylogenetic analyses based on elongation factor (EF1-α) and 
β-tubulin-2 (βT2) together with the isolates from EU and NA, while Celje (Slovenia) formed a 
so far unrecognized new EF1-α haplotype. Croatian D. septosporum isolates also formed a new 
EF1-α haplotype and a separate clade, while they grouped with isolates from NA, CA, SA, AU 
and AF in the βT2 gene region analysis. ITS analysis was uninformative. In population 
structure analyses, most of Slovenian and Serbian populations composed a single genetic 
cluster, while populations from Trenta (Slovenia) and Kožino (Croatia) formed separate 
clusters. Migration analyses showed that gene flow occurs between populations from Slovenia 
and Serbia. Slovenian D. pini isolates and isolates from SA have identical ITS, EF1-α in βT2 
sequences. In population structure analyses, D. pini isolates displayed clonality and low genetic 
diversity, likely as a consequence of a single event introduction. L. acicola phylogenetic 
analysis revealed a novel EF1-α haplotype in Croatian population and showed that Slovenian 
and Croatian isolates share a common ancestry with individuals from Central and Northern 
Europe. Population structure analysis revealed four distinct genetic clusters, generally 
corresponding to their respective geographic location and hosts. Observed unequal ratio of 
mating types and low overall genetic diversity in the population indicates that L. acicola 
predominantly reproduces asexually. Low genetic variation within each of the four clusters and 
absence of or low gene flow suggests that the different L. acicola populations were 
independently introduced.  
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IJ en 
JI en/sl 
AI Rdeča pegavost borovih iglic, ki jo povzročata glivi Dothistroma septosporum in D. pini ter 
rjava pegavost borovih iglic, ki jo povzroča gliva Lecanosticta acicola, sta dve izmed 
pomembnejših bolezni borov. Rdeča pegavost borovih iglic je v jugovzhodni Evropi prisotna 
od leta 1950, rjava pegavost od leta 1970, obe bolezni se v zadnjih letih razširjata po Evropi in 
širše. Na osnovi filogenetskih analiz treh genskih regij, analize mikrosatelitnih markerjev, 
ugotavljanja načina razmnoževanja ter na osnovi izbranih morfoloških lastnosti smo ugotavljali 
strukturo populacij, genetsko raznolikost ter vzorce migracij populacij D. septosporum, D. pini 
in L. acicola. Izbrane populacije iz Slovenije, Srbije in Hrvaške, pridobljene iz Pinus nigra, P. 
mugo in P. halepensis, so bile primerjane s izolati iz Evrope (EU), Severne Amerike (SA), 
Centralne Amerike (CA), Južne Amerike (JA), Afrike (AF) in Avstralije (AU). V filogenetskih 
analizah elongacijskega faktorja 1-α (EF1-α) in β-tubulina-2 (βT2) se srbski in večina 
slovenskih izolatov D. septosporum združujejo z izolatiiz EU in SA, medtem ko izolati D. 
septosporum iz Celja (Slovenija) predstavljajo doslej neznani EF1-α haplotip. Hrvaški izolati 
D. septosporum so ravno tako predstavljali novi haplotip EF1-α in ločeno skupino, so se pa v 
analizi genske regij βT2 združili z izolati iz SA, CA, JA, AU in AF. ITS analiza je bila 
neinformativna. Populacijske in migracijske analize so pokazale, da se večina preučevanih 
slovenskih in srbskih D. septosporum populacij uvršča v isto genetsko gručo, medtem ko se 
populacije iz Trente (Slovenija) in Kožina (Hrvaška) grupirajo posebej. Slovenski D. pini 
izolati in izolati iz SA so imeli enake ITS, EF1-α in βT2 sekvence. V populacijskih analizah so 
vsi izolati D. pini pokazali klonalnost, nizko genetsko pestrost, kar nakazuje na vnos iz enega 
vira. Hrvaška populacija glive L. acicola vsebuje EF1-α haplotip, ki ni opisan v drugih 
populacijah L. acicola. Filogenetska analiza na osnovi regije EF1-α pokaže, da imajo izolati L. 
acicola iz Slovenije in Hrvaške skupne prednike z izolati iz srednje in severne Evrope. Analiza 
populacijske strukture slovenskih in hrvaških populacij L. acicola je razkrila štiri različne 
genetske gruče, ki praviloma odražajo geografsko lokacijo in gostitelje. Opaženo 
neenakomerno razmerje tipov parjenja, nizko število haplotipov in nizka splošna genetska 
raznolikost v populaciji nakazujejo na močan vpliv nespolnega razmnoževanja. Nizka genetska 
variabilnost znotraj vsakega od štirih grozdov in odsotnost oziroma nizek genski pretok 
nakazujeta na to, da so različne L. acicola populacije bile vnesene neodvisno. 
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ML: Maximum likelihood 
MP: Maximum parsimony 
PAR: Private allelic richness  
PCR: Polymerase chain reaction  
PHT: Partition homogeneity test 
PTLPT: Parsimony tree–length permutation test  
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A measure of genetic diversity indicative of a population's 
long-term potential for adaptability and evolutionary fitness. 
Conidia: Asexual propagules.  
Epiphytocia: An outbreak of a plant pathogen on a certain host-plant 
population. 
Founder effect: The loss of genetic variation occurring after a new 
population has been established by a small number of 
individuals originating from a larger population. 
Gene flow: The transfer of genetic variation from one population to 
another. 
Genetic diversity: Total number of genetic characteristics in the genetic 
makeup of a species. 
Genetic drift: Process in which allele frequencies within a population 
change from generation to generation as a result of stochastic 
events. 
Hardy-Weinberg equilibrium: Allele and genotype frequencies in a population will remain 
constant from generation to generation in the absence of 
other evolutionary influences. 
Invasive species: is a species that is not native to a specific location and has a 
tendency to spread to a degree believed to cause damage to 
the environment, human economy, or human health. 
Linkage equilibrium: A non-random association of alleles at different loci in a 
given population. 
Mating type genes: Genes that regulate mating compatibility in sexually 
reproducing fungi. 
Microsatellites: Short segments on the DNA strain, in which certain DNA 
motifs are repeated. 
Multilocus haplotype: Combination of alleles found at two or more loci in a single 
haploid individual. 
Polymerase chain reaction: Technique to make many copies of a specific DNA segment. 
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It is estimated that 65-85 % of plant pathogens, including fungi, bacteria, and viruses, are 
non-native to the location where they were recorded (Desprez-Loustau et al., 2007; Pimentel, 
1993; Pimentel et al., 2001). Today, it is widely recognised that invasions of non-native 
species pose as one of the greatest threats to ecosystem stability (Vitousek et al., 1996), as 
these invasions can often induce loss of biodiversity, shifts in carbon and nutrient cycles, 
and disruption of normal ecosystem services (Dickie et al., 2011, 2017; Corbin and 
D’Antonio, 2012). 
Pathogenic fungi often produce propagules resistant to environmental stresses, which can be 
dispersed naturally over great distances through air currents (Brown and Hovmøller, 2002). 
In the modern era, however, plant pathogens are most often introduced unintentionally to a 
novel environment via traded infected plant material (seedlings or seed). In addition to 
climate change (Ayres and Lombardero, 2000; Lebarbenchon et al., 2008), the growth of 
commercial trade and travel through globalization have been major factors in the dispersal 
and introduction of non-native plant pathogens (Mack and Lonsdale, 2001; Rossman, 2001; 
Wingfield et al., 2001). 
The establishment of a potential plant pathogen invader is a process that results in a 
population that successfully persists on a given location through multiple generations. 
Successful establishment of a population will first depend on niche opportunities and host 
availability (Rizzo, 2005). The likelihood of establishment will be further affected by 
environmental factors, population size, and mode of reproduction. Generally, initial invading 
populations are small, which makes them even more susceptible to biotic, abiotic, and other 
environmental pressures. Moreover, the genetic bottleneck often observed in the founding 
populations can be reflected in a reduced population’s evolutionary fitness (McDonald, 
2004). Multiple introductions can increase the genetic diversity of a plant pathogen 
population, especially if newly introduced individuals originate from different geographical 
locations or populations (Sakai et al., 2001). However, vegetative reproduction, present in a 
large number of phytopathogenic fungi, is a beneficiary trait as it ensures reproduction 
without both mating types present in a population and the continuation of a population trough 
genotypes suited for their current environment (McDonald and Linde, 2002). 
Driven by population growth and dispersal, successfully established populations will expand 
into suitable adjoining territories or will be spread over long-distance areas. Generally, 
localized infection spread is achieved using rain droplets as a carrier or via vectors such as 
insects, animals, or even via human tools and clothing items (Skilling and Nicholls, 1974). 
Long-range dispersal is usually achieved by wind transmitted sexual spores, whose overall 
lesser size makes it easier to be carried by wind currents or mist (Magyar, 2002; Rieux et al., 
2014).  
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Dothistroma needle blight (DNB) is one of the most important diseases of pine trees today 
(Barnes et al., 2014; Drenkhan et al., 2016). It is caused by the two cryptic heterothallic 
ascomycetes Dothistroma septosporum (Dorogin) M. Morlet (sexual state Mycosphaerella 
pini Rostr. ex Munk) and D. pini Hulbary (sexual state unknown). The place of origin of D. 
septosporum, and D. pini is still up for debate, however, based on genetic data, and host 
distribution, they are not native to the Southern Hemisphere (Barnes et al., 2008; Tomšovský 
et al., 2013; Barnes et al., 2014; Mullett et al., 2015, 2017; Drenkhan et al., 2016; Piotrowska 
et al., 2018; Boroń et al., 2019) Since the 1950s it has been a major forestry hazard in the 
Southern Hemisphere, damaging monoculture pine plantations in Africa, South America and 
Oceania (Gibson, 1972). Around the same time, the disease was for the first time observed 
on P. nigra monoculture in South-eastern Europe (Serbia) (Krstić, 1958). During the 1990s, 
outbreaks of the disease started to appear in Europe and North America in pine plantations, 
as well as in natural forest stands (Welsh et al., 2009; Barnes et al., 2011; Drenkhan et al., 
2016). 
Brown spot needle blight (BSNB), caused by the ascomycete Lecanosticta acicola (Thüm.) 
Syd. (formerly known as Mycosphaerella dearnessii M.E. Barr) is considered as one of the 
most aggressive and hazardous diseases of pines today. The pathogen is currently listed as 
A2 quarantine European Plant Protection Agency (EPPO) pest and was until 2020 included 
in II/A1 pest list (listed as. Scirrhia acicola (Dearn.) Sigg.) in the Directive 2000/29/EC 
Annex designation. With new EU legislation, applicable from 14 December 2019, L. acicola 
is listed as Regulated Non-Quarantine Pest (RNQP). The disease has caused extensive 
damage in the USA, Southern America, and China (Siggers, 1944; Janoušek et al., 2016) 
and despite its quarantine status, it started to increasingly appear in Europe (Mullett et al., 
2018; Adamson and Drenkhan, 2019; Laas et al., 2019).   
The main purpose of this study was to evaluate the current state of populations of these three 
pathogens (L. acicola, D. pini, and D. septosporum) in South-eastern Europe (Slovenia, 
Croatia, and Serbia) by determining the genetic variations on several levels – within 
sampling locations, among populations within a certain area such as country and between 
countries in this region. The genetic structure of an organism in a designated area is viewed 
in the sum of all genetic variations, in and between the populations. By understanding these 
differences, combined with phylogenetic and morphological analysis, we can potentially 
unlock the evolutionary and migratory ways that have shaped the current populations and 
perhaps gain insight into how the populations will behave in the future (Dale et al., 2011).  
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2 AIMS AND HYPOTHESES 
 
The main aims of the study were as follows: 
i. Estimating the overall presence of the three pathogen species in the sampled 
locations of the investigated area 
ii. Determining the possible origin of the two diseases in the investigated area  
iii. Determining the population structure and genetic diversity of the obtained pathogen 
populations 
iv. Determining the mating types and mode of reproduction of the obtained pathogen 
populations 
v. Determining the possible connection between the population structure and certain 
morphological characteristics of the L. acicola 
We posed the following questions: 
1. Which species are responsible for Dothistroma needle blight and Brown spot needle 
blight in Slovenia, Serbia, and Croatia? 
2. Are Dothistroma septosporum, D. pini, and Lecanosticta acicola populations in the 
investigated area related to populations of the neighboring regions? 
3. How genetically diverse are the D. septosporum, D. pini, and L. acicola populations 
in the investigated area, and is there gene flow among them? 
4. Are D. septosporum, D. pini, and L. acicola populations reproducing sexually or 
asexually? 
5. Are L. acicola taxonomic groupings according to conidial dimensions similar to 
those based on molecular data?  
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3 LITERATURE REVIEW 
 
3.1 DOTHISTROMA NEEDLE BLIGHT (DNB) 
 
Dothistroma needle blight is today a widespread disease of pine trees, being found on all 
continents, apart from the Antarctic (Barnes et al., 2016; Drenkhan et al., 2016; Mullett et 
al., 2018; Adamson et al., 2019). It is caused by the two cryptic species, Dothistroma 
septosporum (Dorogin) M. Morlet and Dothistroma pini Hulbary. Although these foliar 
pathogens are naturally dispersed by wind and rain splash, human-mediated movement plays 
an important role in disease spread (Barnes et al., 2016). Infections are mostly achieved by 
the asexual state. Persistent infection of this disease can be lethal to young pine trees. It has 
been proposed that the disease had Central American origins, and was present in Europe 
only since the 20th century (Evans 1984). However, several population studies suggest that 
DNB might have been present in Europe for a longer period (Tomšovský et al., 2013; Mullett 
et al., 2015; Barnes et al., 2016; Mullett et al., 2017; Piotrowska et al., 2018; Boroń et al., 
2019).  
3.1.1 Symptoms of DNB 
 
Dothistroma needle blight symptoms are needle drying and abrupt shedding. The disease 
initially affects needles from previous years, then spreads to younger needles as the infection 
progresses (Figure 1). 
 
Figure 1. Dothistroma needle blight symptoms on Pinus nigra (Pivka, Slovenia) (photo: D. Sadiković). 
Slika 1. Simptomi rdeče pegavosti borovih iglic na črnem boru (Pinus nigra) (Pivka, Slovenija) (foto: D. 
Sadiković). 
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The first symptoms of the disease are displayed six to eight weeks after the infection. 
Because of the dispersed modus, the infection will usually be spreading from the bottom of 
the tree crown to the top (Figure 2). 
 
Figure 2. Dothistroma needle blight infected P. nigra trees (Subotica sand, Serbia) (photo: D. Sadiković). 
Slika 2. Rdeča pegavost borovih iglic na črnem boru (P. nigra) (Subotička peščara, Srbija) (foto: D. 
Sadiković). 
 
The loss of needles will negatively affect tree growth. Younger trees will be more at risk, as 
the loss of photosynthetic surface deprives the tree of nutrients, making it physiologically 
weak and susceptible to secondary infections during a vulnerable stadium of growth 
(Karadžić, 2004). According to Christensen and Gibson (1964), the reduction in tree growth 
is expressed when the tree has shed more than 25 % of its needles. If the shedding is over 50 
%, the tree growth will reduce in half, and with more than 75 %, the growth will only be 10 
% of the healthy tree growth. Gibson (1974) observed that the defoliation caused by DNB 
results first in the reduction of the radial growth of the tree, and in later stadiums of the 
disease it impairs the vertical growth. Similar results were observed in a six-year study 
conducted by van der Pas (1981), where he found a correlation between growth loss and the 
defoliation level on two-year-old P. radiata seedlings.  
The degree of damage by DNB will depend on multiple factors such as weather conditions 
(temperature, humidity, and sunlight exposure), the susceptibility of the host, hosts age, and 
the density of the tree canopy, as well as the thickness and height of the ground flora. As the 
disease impairs young trees growth at the time when it is most crucial, other negative effects 
of the disease could include increased susceptibility to parasitic and saprophytic infections, 
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and impaired abilities in intra and interspecific competition (Karadžić, 1988). Dothistroma 
septosporum infections weakened P. radiata trees in New Zealand and made them more 
susceptible to Armillaria sp. attacks, which in turn increased the number of tree deaths 
(Etheridge, 1967). Because of the historic misperceptions in taxonomic nomenclature, it is 
uncertain if all susceptibility and disease effects studies were conducted on D. septosporum, 




All reported DNB hosts are from the Pinaceae family, with most hosts belonging to the 
Pinus genus (Karadžić et al., 2004; Drenkhan et al., 2016). Dothistroma septosporum has a 
larger known distribution and host range than D. pini. There are 95 known Dothistroma 
needle blight host species from the Pinus genus, of which only twelve have records of D. 
pini infections so far (Drenkhan et al., 2016). 
The susceptibility of the host species depends on a range of environmental factors. Eldridge 
et al. (1981) established that most intense infections on P. radiata occurred on sulfur-
deficient soils, most likely caused by increase accumulation of arginine in pine needles, due 
to the sulfur imbalance. Likewise, other topographic factors such as slope, position on a 
slope, drainage, soil disturbance, and depth of soil have varying influences on the intensity 
of infection (Eldridge et al., 1981). Lambert (1986) as well as connected the high-intensity 
DNB infections with higher than usual concentrations of arginine in needles, caused by 
sulfur and phosphorus deficiency, due to the nitrogen-rich fertilizer treatment of soil. Hosts 
age, provenance, and genetic profile influence successful Dothistroma ssp. infections (Cobb 
and Libby, 1968; Drenkhan et al., 2016). Successful host infections are also dependent of 
temperature and humidity, which both strongly influence pathogen’s infection potential, 
where humidity tends to be positively correlated with the infection intensity, while the 
temperature can have either stimulating or limiting effect. (Gadgil, 1974; Peterson and 
Harvey, 1976; Gilmour, 1981). Other genera from the Pinaceae family (Abies, Cedrus, Picea 
and Pseudotsuga) can as well be infected if the stress caused by infection pressure is high 
(Karadžić, 1994; Drenkhan et al., 2014; Mullett and Fraser, 2015). 
3.1.3 Taxonomy 
 
The causal agent of DNB was originally described by Dorogin (1911) as Cytosporina 
septospora Dorogin on infected P. mugo Turra material from Sankt Petersburg in Russia. 
After it’s description, the taxonomic position of what was believed to be the DNB pathogen 
has changed many times during the 20th century, until the application of genetic sequencing 
(Evans, 1984; Barnes et al., 2016). A comprehensive phylogeny and morphology study 
performed on a world-wide Dothistroma spp. collection revealed that the red needle blight 
is caused by two morphologically identical but genetically distinct cryptic species: 
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cosmopolitan Dothistroma septosporum and the geographically more restrictively 
distributed D. pini (Barnes et al., 2004). The study encompassed sequencing of the nuclear 
ribosomal internal transcribed spacer (ITS), β-tubulin-2 (βT2), and translation elongation 
factor 1-α gene (TEF1-α) regions of isolates obtained from 13 countries (five continents). 
Based on these gene regions, the phylogenetic analyses revealed a species boundary resulting 
from 9.7 % genetic divergence between the two species. Although some differences in 
conidial dimensions were detected (variations in D. pini conidia lengths and a number of 
septa; variations in D. septosporum conidial lengths between the samples from Northern and 
Southern Hemisphere), the existence of the three morphological variants of D. septosporum 
(D. septosporum var. septosporum, D. septosporum var. keniense and D. septosporum var. 
lineare) proposed by Thyr and Shaw (1964) and Ivory (1967a) was refuted by finding no 
evidence of genetic differences among the representative isolates (Barnes et al., 2004; 
Barnes et al., 2008). It is, therefore, more likely that the slight variations in conidial 
dimensions, observed by Ivory (1967a) and Tyr and Shaw (1964), were the result of 
environmental adaptations and host differences. 
In 2016, a taxonomy study designated an epitype for D. pini (CBS 116487) obtained from 
P. nigra, and a neotype for D. septosporum (CBS 140339) obtained from P. sylvestris, along 
with the characterisation of five D. pini (Dp_HAP.1–Dp_HAP.5), and four D. septosporum 
ITS haplotypes (Ds_HAP.1–Ds_HAP.4) (Barnes et al., 2016). Mullett et al. (2018) reported 
a novel ITS haplotype of D. septosporum Ds_HAP.5 (GenBank MG720630) in isolates 
obtained from Bulgaria and a novel ITS haplotype Dp_HAP.6 (GenBank MG720623) of D. 
pini found in Arkansas, USA. All D. pini and D. septosporum haplotypes differ by a single 
nucleotide from each other.  
3.1.4 Morphology 
 
DNB infections are mostly associated with the conidia produced in its asexual state 
(Kowalski and Jankowiak, 1998), while it is presumed that the sexual state represents a 
saprophytic aspect of the fungus life cycle, as it is mostly found on already shed pine needles 
(Butin, 1985). 
The first acervuli start to form approximately four months after the infection (Karadžić, 
2004). The fruiting bodies are formed on both upper and lower side of the needles. The 
conidial stromata are 125–1200 µm in length, 50–450 µm in width and up to 600 µm in 
height (Funk and Parker, 1966). The fruiting bodies are black in colour and grow in the sub-
epidermal level of the needle. After the splitting of the epidermis and emerging of the 
acervuli on the surface, the upper part of the epidermal layer is usually kept as a shield 
(Figure 3). 
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Figure 3. Dothistroma septosporum acervuli on infected Pinus nigra needle (photo: D. Sadiković). 
Slika 3. Črne strome D. septosporum s trosišči, ki prodirajo skozi povrhnjico iglice črnega bora (foto: D. 
Sadiković).  
 
Conidia are straight or gently curved, hyaline, smooth, septate with 1–5 septae with length 
ranging from 12–48 µm (28µm on average), and in width 2–3 µm (EPPO, 2015) (Figure 4). 
 
Figure 4. Dothistroma septosporum conidia obtained from Pinus mugo (the scale bar equals to 20 μm) 
(photo: D. Sadiković). 
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Slika 4. Konidiji glive D. septosporum iz okuženih iglic rušja (P. mugo) (merilo je enako 20 μm) (foto: D. 
Sadiković). 
3.1.5 Dispersion and infection 
 
The dispersion of conidia from acervuli is primarily achieved by rain splash and water 
runoff. Droplets of rainwater, carrying the pathogens propagules, are formed by the collision 
of a raindrop falling on the acervuli and ricocheted of the needle. The rain droplets are large 
enough to encompass and carry the conidia to other needles, or to provide enough clearance 
so the conidia might be picked up by wind currents (Gregory et al., 1959). Gibson et al. 
(1964) experimentally found that a 50 µm droplet is sufficient to carry an average size 
Dothistroma sp. propagule. The release of conidia starts in April and reaches the maximum 
in June (Karadžić, 2004). Long-distance dispersal of the pathogen is possible via cloud 
formations, as the spores were capable of surviving high-altitude conditions for long enough 
time to ensure long-distance dispersion (Gibson et al., 1964). However, the foremost way of 
these pathogens global dissemination is by trade and transportation of the infected plant 
material (Barnes et al., 2014). 
Dothistroma septosporum has a one-year growth cycle, and the infection occurs through the 
needle stomata (Gadgil, 1967; Ivory, 1972; Peterson and Walla, 1978). After one week, 
hypha fully penetrates the mesophyll of the needle, intra- and intercellularly (Gadgil, 1967; 
Peterson and Walla, 1978; Karadžić, 2004). The maximum speed of mycelia growth from 
conidia on an optimum temperature (17–20 °C) is just around 1.1 mm per day and 3.6 mm 
per week (Karadžić, 1989; Barnes et al., 2004). At this point of infection, mycelium starts 
secreting dothistromin - a toxin similar to aflatoxins, which aids the pathogen in the 
colonization process and is responsible for the characteristic color of red bands on the 
infected needles (Bradshaw, 2004). Dothistromin is not essential for the pathogen to 
successfully infect the host plant (Schwelm et al., 2009). However, as it was demonstrated 
that dothistromin secretion inhibits the growth of other fungal competitors (Schwelm et al., 
2009) and that infected plants with dothistromin-deficient types had shallower infected 
mesophyll and fewer lesions (Kabir et al., 2015). It is implied that dothistromin acts most 
likely as a virulence factor in Dothistroma needle blight infection. 
Humidity and temperature are the foremost environmental factors influencing the success of 
D. septosporum infections. Most studies show that the germination occurs between 5–30 °C, 
with the optimal temperature varying from 17–20 °C (Sheridan and Yen, 1970; Christensen 
and Gibson, 1964; Ivory, 1967b; Karadžić, 1994; Bulman et al., 2008). Optimal pH ranges 
from 2.5–5.5, with the pH 3.5 optimum (Ito et al., 1975; Ivory, 1967b). 
Dothistroma needle blight can persist and infect pine trees in most diverse ecological 
conditions. It equally thrives in areas with a high amount of annual rainfall like New Zealand 
(1390 mm per annum) as in Tanzania, which receives half of the amount of rainfall per year 
(Gibson, 1972). Although the total amount of rainfall is important, a more dosed and constant 
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humidity levels during critical months to the infection has a stronger effect on the infection 
levels. Four days of heavy rains, with over 50 mm/day followed by thirty days of dry weather 
will result in lesser infection levels than 15 days of over 0.1 mm rain (Woods et al., 2016). 
Needle wetness also affects the degree of lesion formation and thus the levels of infection 
(Gadgil, 1967). In Southern Europe, the symptoms of previous year infections usually start 
to appear in October (Karadžić, 1989). Most of the sporulation occurs in the autumn, as well.  
3.1.6 Distribution 
 
As an introduced pathogen, Dothistroma spp. caused serious damage to large-scale 
commercial planting of Pinus radiata D. Don in the Southern Hemisphere (Gibson 1972). 
Since the 1990s, DNB infections started to occur more frequently in the Northern part of the 
globe, not only in plantations but also in native pine forests due to human-assisted dispersion 
and shifts in global climate conditions (Barnes et al., 2016; Woods et al., 2016). Today, 
Dothistroma septosporum has been reported from over forty countries in Asia, South 
America, North America, Europe, and Oceania, while D. pini has been reported from 15 
countries from North America and Europe (Drenkhan et al., 2016; Mullett et al., 2018; 
Matsiakh et al., 2018; Hečková et al., 2018) (Figure 5).  
 
Figure 5. World distribution of Dothistroma septosporum (above) and D. pini (below) (EPPO, 2019: 
https://gd.eppo.int/). 
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Slika 5. Razširjenost glive Dothistroma septosporum (zgoraj) in D. pini (spodaj) (EPPO, 2019: 
https://gd.eppo.int/). 
 
Dothistroma needle blight has been present in Asia since the 1950s, where it was first 
reported from Japan (Ito et al., 1975). Today, the disease is widespread on most of this 
continent and is present in most of Asian continental and island countries (Bakshi and Singh, 
1968; Peregrine, 1972; Ito et al., 1975; Ivory, 1987; Jehan and Abdul, 1987; Xiandi and 
Zichao, 1988; Barnes et al., 2008; Barnes et al., 2016). The symptoms had been found in 
exotic pine plantations and on indigenous Pinus flora such as on P. densiflora Siebold and 
Zucc., P. thunbergii Parl., P. wallichiana A. B. Jacks and P. roxburghii Sarg. Regarding 
North America, the first record of the disease comes from Montana, USA, on P. ponderosa 
Douglas ex C. Lawson (Thyr and Shaw, 1964). Today the disease is present on natural 
strands of P. ponderosa and P. contorta trees in North-Western states, as well as in pine 
plantations with varying levels of infection throughout USA (Barnes et al., 2014; Peterson, 
1982). DNB infection is also outspread in Canada, with one of the most notable examples of 
the disease outbreaks in British Columbia. A surface area of 21 000 ha, 93 % of P. contorta 
Douglas trees, younger than 20 years, displaying severe symptoms of DNB with a mortality 
rate of 6.3 % was reported from this province (Woods, 2003). 
Existing connections between the geographic distribution of D. pini and D. septosporum 
have not yet been found, except that D. pini seems to be localized in the Northern 
Hemisphere. Since its discovery, only a few studies had been performed on D. pini, and the 
species global ecology is poorly known. D. pini was originally discovered on planted exotic 
Pinus nigra in Minnesota, Nebraska, and Michigan (Barnes et al., 2004), and was thought to 
be localized in the north-Central USA. As the interest in this disease grew, reports from new 
countries and hosts began to emerge. Today we know that species range, although not as 
cosmopolitan as D. septosporum, extends over the USA, and Europe in 13 countries on 12 
Pinus spp. hosts (Drenkhan et al., 2016; Mullett et al., 2018). Moreover, the clear distinction 
between these two species can be made only based on molecular analyses; so, reports of 
DNB based exclusively on morphological results remain questionable if they are connected 
to D. pini or D. septosporum. However, with the increase in molecularly confirmed D. pini 
reports from European countries (Matsiakh et al., 2018; Mullett et al., 2018; Hečková et al., 
2018), it is becoming clear that this pathogen might have a wider range than previously 
thought. In addition to this, high genetic diversity can be observed in some of the newly 
reported D. pini populations, as seen in Aragon (Spain) and North Dakota (USA), which 
both contain three of the six known D. pini ITS haplotypes (Barnes et al., 2016; Mullet et 
al., 2018). 
The discovery of D. pini on native European pine species in their native range (Barnes et al., 
2008; Piškur et al., 2013) raises the possibility of D. pini originally having a European origin 
and later being accidentally introduced into the USA, possibly via infected Pinus sp. 
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seedlings. Fabre et al. (2012) aimed to test if D. pini might be native to Corsica (and to an 
extent, Europe), as it is the native range of the susceptible P. nigra subsp. laricio. This 
hypothesis could not be proven as the pathogen was not found in Corsica, but in the same 
study, the authors revealed that the species presence in Europe was far older than previously 
thought. Fabre et al. (2012) were able to extract DNA from old infected herbarium material 
and confirm the presence of D. pini in France possibly since 1907 (Fabre et al., 2012). 
Furthermore, based on the incidence of positive conformations of the two pathogens in 
herbarium collections, it is becoming clear that the frequency of D. pini has greatly increased 
in the current period (Fabre et al., 2012) and that the possible cause might be favorable 
climate conditions, due to the shift of global temperatures (Woods et al., 2005; Welsh et al., 
2009). 
Dothistroma needle blight has been reported from 37 European countries (Drenkhan et al., 
2016; Mullett et al., 2018; Matsiakh et al., 2018; Hečková et al., 2018), with the oldest record 
coming from Denmark in 1880 (Munk, 1957). Infections were appearing sporadically until 
the 1990s in Northern Serbia (Karadžić, 1988), Hungary (Szabó, 1997), and later Slovakia 
(Zúbrik et al., 2006; Barnes et al., 2011; Tomšovský et al., 2013). Today, the disease displays 
great ecological plasticity towards a variety of environmental conditions found in different 
ecosystems on European continent, and has been reported from Scandinavia (Drenkhan and 
Hanso, 2009; Hanso and Drenkhan, 2008), Central Europe (Kowalski and Jankowiak, 1998; 
Jankovský et al., 2000; Kirisits and Cech, 2006), Southern (Magnani, 1977; Tsopelas et al., 
2013; Ortíz de Urbina et al., 2017), and Western Europe (Fabre et al., 2012; Mullett et al., 
2017).  
The first record of DNB for ex-Yugoslavia was in 1955 from a twenty-five-year-old P. nigra 
stand, located in Troglan Bare, Serbia (Krstić, 1958). The infections were so severe that the 
middle of the tree canopy was dried out from 50 to 100 %. Krstić (1958) further reported 
that the main reasons for the disease success were the lack of sunlight and increased moisture 
due to the high density of planted trees. Krstić (1958) speculated on the possibility of bark 
beetles being the vectors of the disease, as the same pine stand was also struck by this pest 
several times in history. Today, the disease is widespread in Serbia, being reported on 11 
pine species, among which are the exotic P. ponderosa, P. jeffreyi Grev. et Balf., P. contorta, 
P. radiata, as well on non-pine species like Picea omorika (Pančić) Purk. and Pseudotsuga 
menziesii (Mirb.) Franco (Karadžić, 1994, 2004). The most threatened hosts in Serbia, by 
the DNB, are five to twenty-five-year-old P. nigra tree stands (Karadžić and Milijašević, 
2008). 
The first infections of Dothistroma needle blight in Croatia were in 1963 (Kišpatić 1974, as 
cited in Maček, 1975). The disease was found on P. nigra trees in continental forest nurseries 
and plantations. Soon after, annual deaths of young planted trees, as well as severe damages 
on twenty-year-old P. nigra trees were reported throughout Croatia, according to Milatović 
(1976). Apart from P. nigra, the disease could also be found on the exotic Pinus ponderosa, 
P. strobus L., and on P. densiflora Siebold and Zucc (Milatovic, 1976). 
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In Slovenia, the first record of the Dothistroma needle blight was in 1971 (Maček, 1975). 
First infections were found on P. nigra trees near Ljubljana, Škofja Loka, and described as 
Scirrhia pini Funk & A.K. Parker, the scientific name for the D. pini/D. septosporum 
complex at the time (Maček, 1975). Maček (1975) had given an accurate description of 
symptoms, morphology and progress of the disease, and compared it to symptomatically 
similar Lophodermium pinastri (Schrad.) Chevall. Today, it is known that Dothistroma 
needle blight in Slovenia is caused by both D. pini and D. septosporum (Piškur et al., 2013). 
D. pini has been detected on Pinus nigra subsp. laricio (Poir.) Maire, P. nigra subsp. nigra 
J. F. Arnold and P. sylvestris L. D. septosporum was found on P. mugo Turra, P. nigra subsp. 
nigra, P. sylvestris and Picea abies (Piškur et al., 2013; Tomšovský et al., 2013). Even 
though both D. septosporum mating type idiomorphs had been detected in Slovenia, the 
sexual state has not yet been observed. Both D. pini mating types were also observed in 
Slovenia (Drenkhan et al., 2016). 
3.1.7 Origin and reproduction  
 
Based on extensive research on Mycosphaerella genus of the region, Evans (1984) placed 
Central America as the region of origin of Dothistroma sp. High infection frequency 
throughout the region, differences in sexual, asexual propagules, and their fruiting bodies, 
non-aggressiveness of the disease to the autochthonous flora substantiated this claim. 
Furthermore, when growing in its native range (below 800 m), DNB infections on Pinus 
carabea were not found. On high-altitude moist mountain terrains, the infection lesions 
seemed to be confined to the sides of trees that were exposed to the extreme mountainous 
weather elements (wind and precipitation) (Evans 1984). Furthermore, it was observed that 
infection intensity levels were lower on native pine species (i.e. P. tecunumanii) than on 
exotic pine species. These observations indicate a high level of adaptiveness of hosts to a 
particular disease and reflect a host-pathogen co-evolution. 
Discovered DNB infections on native pines in the remote foothills of Nepal’s Himalayas 
presented a possibility that Dothistroma needle blight might also be native to certain areas 
of Asia (Ivory, 1990). DNB presence on native flora 500 km from any known sources of 
infection, observed mild aggressiveness of infections and the resistance of native flora all 
indicate to this possibility (Ivory, 1990). Furthermore, one of the earliest disease records was 
from Soviet Georgia and DNB has been reported from several different locations in the 
mainland and insular Asia (Shishkina and Tsanava, 1966; Drenkhan et al., 2016; Adamson 
et al., 2018). A dispersal path of D. septosporum from Asia to Europe is possible, as several 
Asian pine species have been used in plant trade in the past (i.e. Pinus sibirica (Rupr.), P. 
koraiensis Sieb. et Zucc. P. pumila Regel) (Drenkhan et al., 2014). Additionally, P. sibirica 
and P. koraiensis are known hosts of Dothistroma needle blight (Lang and Karadžić, 1987; 
Jankovský et al., 2009). Notably, D. pini has not yet been recorded in Asia. 
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Since the beginning of the 21st century and the development and implementation of modern 
molecular techniques such as gene sequencing and fragment analysis, many population 
studies have been conducted on global D. septosporum populations (Barnes et al., 2008; 
Tomšovský et al., 2013; Barnes et al., 2014; Mullett et al., 2015, 2017; Piotrowska et al., 
2018; Boroń et al., 2019). All these studies point to Europe as one of the likely places of D. 
septosporum origin, as they all observed an abundance of genetic diversity. The more 
generations a population had in a certain area, the more genetic differences will accumulate 
(as a consequence of accumulated mutations, sexual recombination, and genetic drift). 
Accordingly, a population with grater genetic diversity (higher allele frequencies, richness, 
and genotype frequencies) has often been introduced more recently than a population with 
lower overall genetic diversity (McDonald and Linde, 2002). Therefore, in respect to several 
indices of genetic diversity observed in multiple populations across the European continent, 
D. septosporum could be native to certain areas of Europe. Alternatively, it has been present 
longer than previously thought. By using these principals, it becomes evident that 
Dothistroma septosporum is not native to the Southern Hemisphere and has been introduced, 
possibly as a result of uncontrolled trading with infected plant material. 
Except for P. merkusii Jungh. & de Vriese, the genus Pinus is not indigenous to the Southern 
Hemisphere (Richardson et al., 1994) and has been extensively planted in the industry for 
its resistance to harsh environments and its fast growth. When introduced in to a novel 
territory, a plant pathogen population will often suffer from founder effect, seen in the form 
of a reduced allelic diversity caused by the genetic bottleneck (Dlugosch and Parker, 2008). 
This is observed in most of D. septosporum populations of Southern Hemisphere, where 
populations displayed complete prevalence of a single mating type in South America and 
Oceania, and a very low number of unique haplotypes observed (Barnes et al., 2014). 
Additionally, tested populations of South America, Africa and Oceania formed three distinct 
genetic clusters corresponding to their respective sampling areas, with generally low 
diversity. These kinds of bio-geographical patterns found in D. septosporum populations 
reflect human-mediated movement of the disease (Barnes et al., 2014).  
Founder effect, due to genetic bottleneck, has significantly influenced the D. septosporum 
populations of New Zealand. After the disease has been introduced on P. radiata, it has 
spread to all available habitats on the island (Bradshaw, 2004). Barnes et al. (2014b) 
observed a single mating type among all tested isolates, and almost complete genetic 
clonality, despite the disease being present in New Zealand for more than 60 years. In the 
tested population (N=22), only two unique haplotype groups were discovered, thirteen 
different microsatellite alleles (N loci=12), no unique microsatellite alleles, and genotypic 
diversity (defined as the probability that two randomly chosen individuals will have different 
haplotypes (Agapow and Burt, 2001)) of D=0.09. It should be noted the low genetic diversity 
of D. septosporum in New Zealand can also be attributed to the consequences of well-
practiced quarantine measures, which have prevented further incursions of new D. 
septosporum haplotypes on to the island. In comparison, Czech Republic D. septosporum 
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population (N=13) were notably more diverse with 13 haplotypes, 47 microsatellite alleles 
(three unique to that population), and genotypic diversity of D=1.00. Similar high diversity 
values for European populations of D. septosporum had also been observed in other 
population studies (Drenkhan et al., 2013; Tomšovský et al., 2013). Austria’s D. 
septosporum population is also quite genetically diverse, having the highest number of 
unique microsatellite alleles, and haplotypes from all tested European populations (Barnes 
et al., 2014). Unfortunately, no population studies had yet been conducted on material 
obtained from Central America.  
Even though D. septosporum populations can be dispersed freely over long distances, 
patterns of population structure of D. septosporum in Europe indicate that human-mediated 
movement holds a significant role in the distribution of the disease. Populations of Austria, 
Hungary, Poland, the Czech Republic, Slovakia, and Romania constitute a single genetic 
cluster, with evidence of high levels of migration between these countries (Barnes et al., 
2014). Migration and sexual recombination of D. septosporum in combination with 
unsupervised movement of infected plant material had resulted in homogenization of the 
population structure of this pathogen in the region. Similar genetic patterns in between 
remote European populations were likewise detected by Adamson et al. (2018), and 
accidental human dispersal of D. septosporum has already been observed in Europe 
(Tomšovský et al., 2013). However, considering open borders between EU countries, and 
not many ecological or geographical barriers to obstruct the gene flow, the rising success of 
this disease can probably be attributed to both natural and anthropogenic propagation. This 
has also been observed in Scandinavia, where trade routes of P. mugo seedlings to Estonia 
and Finland, roughly coincide with the migration paths of certain D. septosporum haplotypes 
(Drenkhan et al., 2013). These kind of migrations of D. septosporum over larger distances 
were also reported by Adamson et al. (2018), where the direction of gene flow seem to have 
occurred from north eastern European D. septosporum populations to the Russian Far East 
and to South Asia. 
Sexual state of D. septosporum has been recorded in eleven European countries (including 
Croatia and Serbia), and both mating types in 20 countries, in more or less equal proportions 
(Drenkhan et al. 2016). Sexual recombination and wind transmitted sexual ascospores have 
aided the range expansion and genetic homogenisation of D. septosporum populations in 
Europe (Barnes et al., 2014). Favourable weather conditions have enabled a massive spread 
of DNB in the second half of the last century (Welsh et al., 2009; Woods et al., 2005), which 
has in turn provided conditions for sexual reproduction and high genetic variation. The 
combination of all previously mentioned factors (climate, gene flow, human-mediated 
movement, monoculture plantations) have provided the opportunity for DNB to become one 
of the most hazardous and widespread pine diseases in Europe and the world.  
Even though both mating types had been detected in certain populations (Siziba et al., 2016), 
as well in the same needle (Queloz et al., 2014), sexual state of D. pini has yet to be 
discovered. Both mating types found in D. pini populations of USA, France, and Ukraine, 
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and high genetic diversity found in some populations imply that the pathogen populations 
are undergoing through sexual recombination (Siziba et al., 2016). Nevertheless, finding the 
sexual state might prove to be problematic. Symptomatically and morphologically, D. 
septosporum and D. pini are identical species, so it is safe to assume that their sexual states 
might be difficult to distinguish. It is therefore possible that the sexual state has already been 
observed, without realisation that it might have been the sexual state of D. pini, and not 
Mycosphaerella pini (sexual state of D. septosporum).  
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3.2 BROWN SPOT NEEDLE BLIGHT (BSNB) 
 
Lecanosticta acicola (Thüm.) Syd. (formerly Mycosphaerella dearnessii M.E. Barr; Scirrhia 
acicola (Dearness) Siggers) is a foliar pathogen of pine trees, which causes brown spot 
needle blight (BSNB). The premature needle loss, due to BSNB infections, causes growth 
retardation of pine trees, or even tree death in younger trees (Weakly 1970; van der Nest et 
al., 2019b). The disease has been reported from 53 Pinus ssp. from Asia, Europe and North, 
Central and South America (CABI, 2019; van der Nest et al., 2019b). It is suspected that the 
pathogen is native to North America from where it has spread to other continents (Janoušek 
et al., 2016; van der Nest et al., 2019a). L. acicola is continuously spreading its geographical 
and host ranges (Broders et al., 2015; Mullett et al., 2018; Laas et al., 2019).  
3.2.1 Symptoms of BSNB 
 
Brown spot needle blight is characterized by tree growth retardation due to severe 
defoliation, caused by drying out and abrupt needle shed. Symptoms of BSNB begin as a 
small brown-green coloration at the point of infection, usually at the upper part of the needle 
(Hedgcock, 1929). In case of severe infections, several lesions may appear on an individual 
needle. Depending on the host, resin-soaked areas may appear on the needle (Skilling and 
Nicholls, 1974). The infections are most severe and start from the bottom of the tree crown, 
working its way up to the treetop. Typically, needles from previous years will be shed first, 
leaving only the needles from the current year (Hedgcock, 1929; Skilling and Nicholls, 
1974), thus giving the branches the appearance of paintbrushes (Figure 6).  
 
Figure 6. Severe disease symptoms caused by Lecanosticta acicola on Pinus mugo in Trenta, Slovenia 
(photo: D. Sadiković). 
Slika 6. Močno okuženo rušje (P. mugo) z glivo L. acicola v Trenti, Slovenija (foto: D. Sadiković). 
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In young trees, rapid loss of needles might reduce trees photosynthesis levels and slow down 
the young trees growth rate by limiting their nutrient production. Defoliation caused by 
pathogens can potentially make young pine trees weaker to burdens of competition, more 
vulnerable to secondary and opportunistic infections caused by other fungi and pests, and to 
other ecological pressures (Etheridge, 1967; Gibson, 1974). In older trees, the disease does 
not influence the growth rate to that degree but can affect the ability of regeneration (Siggers 
1944; Tainter and Baker, 1996). 
3.2.2 Hosts 
 
All Pinaceae species are susceptible to brown spot needle blight infections (CABI, 2019). 
The disease has so far been detected of 53 different pine species and hybrids (CABI, 2019; 
van der Nest et al., 2019b). BSNB is notably recognized for endangering Pinus palustris 
plantations in the Southern and Central USA states (Siggers, 1944; Sinclair and Lyon, 2005). 
The pathogen has also been a frequent pest of P. sylvestris Christmas tree plantations in the 
Northern and Central USA (Skilling and Nicholls, 1974). In Europe, the most frequently 
recorded hosts are ornamentally planted pines like P. mugo, P. cembra, P. halepensis, P. 
sylvestris (Cech and Krehan, 2008; EPPO, 2015). More recently, reports of BSNB on 
previously unaffected hosts in Europe started to appear. In 2012, Hintsteiner et al. (2012) 
reported L. acicola infections on P. nigra in lower Austria. This was the first official record 
of BSNB on P. nigra in Europe, as previous reports of L. acicola on P. nigra in Bulgaria 
have most likely been mistaken for Dothistroma needle blight infections (Kovačevski, 1938; 
Mullett et al., 2018; Petrak, 1961). Ortíz et al. (2016) also reported L. acicola infections on 
P. nigra in Spain, although the infection seems to be rare as the disease was detected on only 
4 % of the tested P. nigra trees (96 %). Brown spot needle blight infections on P. nigra have 
also been found in Slovenia (Jurc and Piškur, 2018). This was only the third record of L. 
acicola on P. nigra in Europe, even though the pathogen has been present on this continent 
for more than 70 years (Martínez, 1942). It has recently been reported that L. acicola has 
started to infect natural P. sylvestis stands in Estonia, which were previously unafected by 
BSNB in the Baltics (Adamson et al., 2018). Picea glauca (Moench) Voss. has also been 
reported to be a potential host, under high disease pressure (Skilling and Nicholls, 1974). 
3.2.3 Morphology  
 
The infections outside the native range are achieved via conidia (Skilling and Nicholls, 
1974). The conidial stromata will develop between 3–14 days after lesions appear (Evans, 
1984). Conidia are fusiform to cylindrical, curved to straight, subhyaline to light brown-
olive, 1–5 septate (Figure 7).  
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Figure 7. Lecanosticta acicola conidia obtained from infected Pinus mugo needles (the scale bar equals to 
20μm) (photo: D. Sadiković). 
Slika 7. Konidiji L. acicola iz trosišč na okuženih iglicah rušja (P. mugo) (merilo je enaka 20μm) (foto: D. 
Sadiković). 
 
Conidial dimensions range from 10–60 µm in length (35 µm in average), 1–6 µm in width 
(3.5 µm in average). The conidia are held together in a mucoid, water-soluble matrix (Wolf 
and Barbour, 1941). The accumulation of conidia exerts pressure in the surface area from 
within, lifting the covering epidermis and rupturing it by one or two longitudinal slits when 
mature. Acervuli are black to olive-green elliptical, spreading parallel along the length of the 
needle. Acervuli vary from 500–1500 µm in height, depending on the host (Evans, 1984). 
Acervuli are continuously formed in the necrotic tissue, with conidia being formed and shed 
throughout the season (Wolf and Barbour, 1941). Primary infections are in the spring, with 
secondary infections occurring when the weather conditions are favorable (Tainter and 
Baker, 1996).  
3.2.4 Dispersion and infection 
 
Natural means of dispersal of conidia are rain splash and wind-blown rain, mist, and dew 
(Kais, 1971). The rain droplets fall on the needle surface, forcefully discharging the conidia 
from acervuli on to other needles (Wolf and Barbour, 1941). As the conidia are produced in 
a water-soluble mucilaginous matrix, modes of transmission also include animals with 
Sadiković D. Population structure of causal agents of red band and brown spot needle blight of pines in … Europe. 
    Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2020 
20 
 
conidia trapped on their fur, humans via infected tools and accidental dispersal by tourists 
venturing from infected areas (Tainter and Baker, 1996; Jankovský et al., 2009). 
The main environmental factor affecting the infection of brown spot needle blight is rainfall, 
as the dissemination of conidia is dependent on splashing or windblown rain (Kais, 1975). 
The success of infection increases with humidity. Minimum three days of rain or humid 
weather is required to obtain the abundant spore discharge needed for infection (Kais, 1975). 
The infection is also heavily influenced by light as penetration can only occur through open 
stomata during the day (Kais, 1975).  
Lecanosticta acicola is active over a wide range of temperatures. Maximum infection is 
achieved on 30 °C day temperature and 20 °C during the night (Kais, 1975). The optimum 
temperature for infection is 25 °C, the maximum 35 °C, and the minimum ranges from 5–19 
°C (Kais, 1975). The optimum temperature can vary from the provenance of the individuals, 
where L. acicola obtained from the northern USA have a temperature optimum of 20 °C, 
while the optimum of the Southern isolates is 25 °C (Kais, 1972). 
After the conidia fall on the needle surface, germ tubes are formed, from which hyphae grow 
toward stomata, guided by chemical stimuli (Patton and Spear, 1978; Setliff and Patton, 
1974). Within a few days, hyphae penetrate the mesophyll cells, causing the cells death 
(Patton and Spear, 1978). After the cells are killed, the mycelium may continue to live in the 
dead needle tissue as a saprophyte for a short period (Tainter and Baker, 1996). Under certain 
conditions, the pathogen can function as a wound parasite (Kais, 1975). The first symptom 
appears as a small, light green, circular spot encircling the needle in a narrow band 
(Hedgcock, 1929). Later, the ring changes to brown color, finally killing that portion of the 
needle beyond the point of infection. Within two weeks after the initial symptoms, the 
conidial stromata are formed, and mature conidia appear on the surface of the lesions. The 
superior part of the needle’s epidermal level gives protection to the underlying fruitbody.  
3.2.5 Distribution 
 
The disease has been reported from more than 30 countries in Asia, Africa, Europe, and 
North and South America (Figure 8) (CAB, 2019; van der Nest et al., 2019b). 
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Figure 8. World distribution of Lecanosticta acicola (CABI, 2019). 
Slika 8. Razširjenost glive Lecanosticta acicola (CABI, 2019). 
 
 
In Asia, BSNB has so far been reported only in the East part of the continent from South 
Korea, Japan and China (Li et al., 1986; Seo et al., 2012; Suto and Ougi, 1998). In both Japan 
and Korea, the infections were recorded on the indigenous Japanese black pine (Pinus 
thunbergii Parl.), while in China the disease has been reported as well on exotic species such 
as P. elliottii, P. taeda, and P. thunbergii (Suto, 2002; Ye and Wu, 2011; Seo et al., 2012).  
BSNB endangers the native pine species of economic importance like P. palustris and P. 
taeda in the South-Eastern United States, and P. strobus in the northern parts of the country 
(Boyce 1959; Stanosz 1990; Sinclair and Lyon 2005; Wyka et al. 2018). Skilling and 
Nicholls (1974) and Phelps et al. (1978) report great annual damages to P. sylvestris 
plantations, where due to the abundant shedding of the needles, the trees had become un-
merchantable. BSNB infections had also been found on P. nigra (Siggers, 1944; Rogerson, 
1953). The pathogen caused serious damage to P. banksiana and P. contorta, as well as to 
P. strobus in Canada, where P. contorta was reported to have from 50–90 % of infected 
needles (Laut et al., 1966; Laflamme et al., 2011). BSNB is also present in the Caribbean 
(Gibson, 1980; López et al., 2002). New research suggests that L. acicola might be 
exclusively North American in origin, as the species was failed to be detected among 
multiple samples of infected pine material originating from Guatemala, Honduras and 
Nicaragua (van der Nest et al., 2019a).  
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The disease has been found in Columbia in P. radiata, P. elliottii Engelm., P. patula pine 
plantations (Gibson, 1980). The record remains the only confirmed infection of L. acicola 
in the South America and is likely the result of the disease incursion from Central America. 
In Europe, BSNB has been first diagnosed in Spain, on P. radiata (Martinez et al., 1942). 
The disease has since then been identified in Croatia (former Yugoslavia) on P. halepensis 
(Milatović 1976), in France on P. radiata (Chandelier et al., 1994), in Germany on P. mugo 
(Pehl, 1995), Switzerland on P. mugo and P. uncinata (Holdenrieder and Sieber, 1995), in 
Austria on P. mugo (Cech, 1997), Italy also on P. mugo (La Porta and Capretti, 2000), in 
Czech Republic on P. mugo (Jankovský et al., 2009), in Estonia (Drenkhan and Hanso, 
2009), in Slovenia on P. sylvestris and P. mugo (Jurc and Jurc, 2010) and in Lithuania on P. 
mugo (Markovskaja et al., 2011). Some additional accounts that can be taken in to 
consideration come from Bulgaria on P. nigra (Kovačevski, 1938), Greece on P. nigra and 
P. brutia (Sarejannis et al., 1954, 1955), from Austria on P. nigra (Petrak, 1961), and from 
Georgia on Pinus sp. (Schischkina and Tzanava, 1967), however, because of the taxonomic 
confusions with Dothistroma spp. at the time, the authenticity of those reports are unclear. 
More recently, the disease has also been observed in Ireland, Russia, Latvia and Portugal, 
suggesting the spread of the disease throughout Europe and its plasticity toward habitats with 
different climatic factors (Mullett et al., 2018).  
The first record of L. acicola (at the time Scirrhia acicola (Dearn.) in Southeast Europe 
Sigg.) was in Crvena Luka, Croatia, in 1975 on infected P. halepensis Miller (Milatović, 
1976). Infected trees with severe needle shedding were noticed on a 1,5 ha of 15 year old P. 
halepensis plantation overlooking the seas shore (Glavaš, 1979). It was recorded that the 
pine trees were planted densely together, with very thick lower canopy. Dense plantation 
arrangement, in combination with very extensive shrubbery cover and tightly packed lower 
branches (first to be infected, as they are the closest to the ground), most likely created 
perfect microclimate conditions for a rapid infection spread. Glavaš (1979) described the 
levels of infection to be so severe, that only the upper most part of the canopy contained 
healthy, uninfected needles. The lower branches often contained just the needles from the 
current year, often with needles only 2–3 cm in length and frequently degenerated shoots. 
This kind of state was likely due to malnourishment of the trees, caused by reduced 
photosynthetic surface. Phytosanitary measures were applied, in the form of the canopy 
thinning. Also, the bottom layer of thick plant growth was removed, together with the fallen 
and infected pine needles and burned in situ. Afterward, on eight different occasions, during 
the course of two years fungicide treatment (Bordeaux mixture, Sandovit, and Cuprablau) 
was applied (Glavaš, 1979). The actions taken had a positive effect on the infected pine trees 
and the disease intensity was significantly reduced, but not completely eradicated (Glavaš, 
1979; Glavaš and Margaletić, 2001). Soon after, the infections were observed on two other 
localities near Zadar and Dubrovnik, with one of the infection sites (Kožino) having infected 
area of 500 ha (Glavaš and Margaletić, 2001). Additionally, a single infected P. halepensis 
tree has also been found on the island of Rab, roughly 70 km north from Kožino. Glavaš and 
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Margaletić (2001) reported this as the first island record of this pathogen in Europe and 
speculated that the infection has arrived there via wind dispersion.  
Since L. acicola infections in Kožino were present for more than 40 years in severe levels, 
it was suggested that this location could be the center of infections. The infected pine stands 
were the result of natural regeneration of planted P. halepensis stands that were severely 
damaged during windswept incidents during 1980 (Glavaš and Margaletić, 2001). These 
young pine trees were affected the most, by the pathogen. The authors report that trees up to 
the 1m tall had no needles except the tip shoots, which were in most cases 100 % infected. 
The older trees were also heavily infected, in some cases with 2/3 of the treetop lost due to 
the disease. Because of the persistence of the pathogen on this locality and the possibility of 
it being the source of BSNB infection spread for the whole region, Kožino was one of the 
sampling sites for this study. 
In Slovenia, BSNB has first time been detected in 2008 on P. sylvestris and P. mugo planted 
in a park on the shore of Lake Bled in the town Bled, and in 2009 in Park Tivoli, situated in 
Ljubljana (Jurc and Jurc, 2010). Infected trees were discovered promptly and were 
successfully eradicated, with a total of 15 infected trees removed (Jurc and Jurc, 2010). 
Because of the success of the applied phytosanitary actions and in absence of new infection 
reports, both incidents were considered to be isolated and the disease was marked as transient 
in Slovenia (EPPO Reporting Service, 2009; Piškur et al., 2013). In 2014, the disease was 
discovered in Trenta valley on P. mugo shrubs growing on banks of the river Soča 
(Hauptman and Sadiković, 2015; Sadiković et al., 2019). Following a few months after the 
detection on just a few shrubs, the infected trees were cut and removed to be burned. This 
failed to suppress the infections because a survey conducted during the following year 
revealed that the disease has spread on roughly 70 % of P. mugo shrubs present in the area. 
Up to today, the disease is still present here and this location was one of the sampling sites 
for this study. During the same year, few infected P. mugo bushes with BNSB were found 
in Čatež ob Savi, a township near the Croatian border (Sadiković et al., 2019). In 2016, L. 
acicola infections were recorded in several locations, on heavily infected P. nigra trees near 
the city of Tolmin and along the valley of Soča river at a distance approximately 60 km (Jurc 
and Piškur, 2018).  
3.2.6 Origin and reproduction 
 
In a survey of Central American region, Evans (1984) found brown spot needle blight to be 
present in Mexico, Guatemala, Belize, Honduras, Nicaragua, and Costa Rica, with observed 
high morphological diversity (conidia and fruiting bodies) related to the region, host and 
climate conditions. Evans (1984) perceived the differences in the exanimated material to be 
dependent of external factors, mainly sunlight and rainfall. For example, in habitats such as 
the high-altitude mountain ranges of Honduras, with the abundant rainfall and wind, conidia 
were smaller in length, width and had thinner cell walls. In contrast, Evans (1984) observed 
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that in areas with the stronger sunlight, temperatures and UV radiation, the spores were 
overall robust and heavily pigmented. In the wet savannas of the Caribbean coast, the conidia 
were exuded in dark green or black mucilaginous cirri, whilst in the semi-arid, inland pine 
stands, the conidia are surrounded by less mucilage, often occurring loosely on the needle 
surface rather than in mucilaginous aggregations (Evans, 1984). These differences were 
thought to be most likely connected to dissemination strategies, wherein the habitats with an 
abundance of rainfall, the primary way of dispersion would be the rain splash, whilst in drier 
climates, the conidia would propagate via wind dispersal. Evans (1984) viewed this 
abundance of morphological differences as the result of adaptation to different ecological 
stresses of a species that has been present in Central America for a considerable time period. 
In addition, in all the countries of Central America, BSNB is frequently found in all types of 
habitats, from lowlands and coastal ecosystems to high-altitude rain forests, on multiple pine 
hosts. Infections are caused by both sexual and asexual stadiums of the disease, they are not 
severe and epiphytocia were not recorded. In contrast, aggressive infection cases and disease 
outbreaks were recorded in North America, Europe and China and are caused by the asexual 
state of the pathogen. 
Phylogenetic analysis of BSNB infected material obtained from multiple countries situated 
in the Mesoamerican paleo-geographic region (Central American region and Mexico) has 
revealed that here L. acicola actually represents a species complex (Quaedvlieg et al., 2012; 
Quaedvlieg et al., 2013). The two new Lecanosticta species, L. guatemalensis Quaedvlieg 
and Crous and L. brevispora Quaedvlieg and Crous, described from Central America 
(Quaedvlieg et al., 2012; Quaedvlieg et al., 2013), together with the newly described L. 
longispora Marm. found in Mexico (Marmolejo, 2000) places this region as the diversity 
hotspot for this genus and gives merit to the theory of Central American origin of L. acicola. 
As Mexico represents the center of diversity for many Pinus species of that region (Fajron, 
1996), host diversity would be followed by the diversity of their pathogens. 
Recently, sequencing of the internal transcribed spacers (ITS), a portion of the translation 
elongation factor 1-α gene (TEF1), the beta-tubulin-2 gene region (βT2), guanine nucleotide-
binding protein subunit beta (MS204), and the RNA polymerase II second largest subunit 
(RPB2) gene regions have revealed four novel Lecanosticta species to be present in the 
region of Central America and Mexico, making the total of nine species in the genus (van 
der Nest et al., 2019a). The novel species are described as L. pharomachri sp. nov. from 
Guatemala and Honduras, L. jani sp. nov. obtained from Guatemala and Nicaragua, L. 
tecunumanii sp. nov. from Guatemala and L. variabilis sp. nov. obtained from Guatemala, 
Honduras and Mexico. Among the analyzed material from this region, the two recently 
described species L. brevispora and L. guatemalensis were observed. Notably, L. acicola 
was not detected in any of the Central American material. It is therefore hypothesized that 
L. acicola is not native to the Mesoamerican paleo-geographic region and it might be a 
northern hemisphere taxon (van der Nest et al., 2019a) and that Mesoamerica represents a 
diversity hotspot for this genus (van der Nest et al., 2019b). This further implies that all 
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previous results from studies on L. acicola, obtained exclusively from morphological 
conclusions, should be interpreted with caution. 
Janoušek et al. (2016) observed two genetic lineages within the L. acicola populations of 
Northern America - northern lineage, which is comprised of individuals sampled in northern 
USA states and Canada; and southern lineage, from isolates sampled in Mississippi. The 
existence of two lineages has also been proposed by Kais (1972), based on some 
morphological, physiological and pathogenic differences. He found that the southern L. 
acicola isolates had a faster in situ growth rate, formed more pigmented culture colonies and 
had a 5 °C higher optimal growth rate (25 °C) than the isolates collected from the northern 
USA. These differences, especially in optimal growth temperature, can be considered as 
adaptation traits of this pathogen to novel territories. Huang et al. (1995) came to a similar 
conclusion while exanimating patterns in randomly applied polymorphic DNA (RAPD) 
markers, cultural morphology, growth rate and conidial germination of L. acicola isolates 
from North America and Asia. Huang et al. (1995) reported that isolates from the northern 
USA could be distinguished both from southern USA and Chinese isolates based on conidial 
germination at high temperatures, cultural morphology, and RAPD markers. It was 
originally presumed that the 1980s outbreaks of BSNB in China are the result of the 
introduction of a particularly virulent strain of L. acicola, however, RAPD analysis 
disproved this assumption (Huang et al., 1995). Based on more reliable microsatellite data 
and phylogenetic analysis, Janoušek et al. (2016) showed that the isolates collected from 
East Asia did not form part of the same southern lineage, present in the southern United 
States or Europe. However, the existence of a still unsampled population located in the south 
of USA that may have been the ancestral population of the Asian infections was not excluded 
(Janoušek et al., 2016). The two lineages found in North America are also present in 
European L. acicola populations. The Southern lineage, originally detected in a population 
from Mississippi, represents the source of populations in Spain and France. The northern 
lineage, detected in populations from Northern USA and Canada, represents the source of L. 
acicola populations found in Central and Northern Europe (Janoušek et al., 2016). 
Furthermore, Janoušek et al. (2016) suggested that historically, the southern lineage was 
introduced into Europe first, followed by the northern lineage. 
L. acicola is a heterothallic ascomycete (Janoušek et al., 2014). Conidia serve as a more 
localized means of infection spread usually via rain splash, while ascospores, produced 
during sexual recombination, are responsible for long-range dispersal (Skilling and Nicholls, 
1974). The sexual state has only been observed in Southern USA, Central America, and 
Colombia (Kais, 1971; Evans, 1984). Although sexual recombination has been indicated to 
occur in certain European L. acicola populations (Janoušek et al., 2016), all reported 
infections of BSNB in Asia, the USA, and Europe have been linked only to conidial 
dispersal. 
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4 MATERIALS AND METHODS 
 
4.1 SAMPLE COLLECTION, ISOLATION AND IDENTIFICATION 
 
During 2014–2016, needles were collected from infected P. mugo, P. nigra, P. sylvestris and 
P. halepensis trees from seven sampling locations in Slovenia, two in Serbia, and one in 
Croatia (Figure 9).  
 
Figure 9. Ten sampling locations in Slovenia, Croatia and Serbia, from where Dothistroma septosporum, D. 
pini and Lecanosticta acicola isolates were obtained. 
Slika 9. Lokacije v Sloveniji, na Hrvaškem in v Srbiji, od koder smo pridobili izolate gliv Dothistroma 
septosporum, D. pini in Lecanosticta acicola. 
 
The sampling sites ranged from old coastal tree plantations in Kožino, sub-Alpine pine 
regenerations on Stara Planina Mountain, Alpine and sub-Alpine tree groves in Trenta and 
Tolmin, lowland pine tree regenerations in Pivka and various ornamentally planted trees as 
in Čatež and Celje. Needles displaying clear symptoms of DNB, BSNB, or both were 
selected for isolation, and up to three isolations per one tree (up to ten trees per location) 
were made. In locations where symptomatic trees were abundant, up to ten trees were 
sampled. In locations where the disease was rare, every available tree presenting the 
symptoms of DNB or/and BSNB disease was sampled. Needles chosen for isolations were 
sealed in paper envelopes corresponding to the tree from which they were obtained and 
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placed in cold storage at 4 °C. For disinfection purposes, the needles were wiped with 70 % 
ethanol, prior to the isolation.  
To avoid discrepancies during fragment analysis, single haplotype cultures were obtained by 
single spore isolation method as described by Barnes et al. (2004). Acervuli were cut from 
the infected needles, transferred and rolled on a Petri dish containing Dothistroma 
sporulation media (DSM: 0.5 % yeast extract (Sigma-Aldrich, St. Louis, MO, USA), 1.5 % 
Difco agar (Becton Dickinson, Franklin Lakes, NJ, USA), 2 % malt extract and 1 % 
streptomycin solution (Sigma-Aldrich, St. Louis, MO, USA)). The rolling movement would 
dislodge the conidia from mature fruiting bodies on the growth media. The petri dishes were 
sealed using parafilm and incubated at 21 °C for 48 h. A single conidium with a visible germ 
tube (Figure 10) was then transferred to a new DSM plate and kept at 21 °C in darkness 
until the growth was sufficient enough for the extraction of genomic DNA. If fruiting bodies 
were not large enough for the rolling process, a single acervulus was crushed, mixed with 
sterile water and conidia, spread on media plates using a heat-sterilized loop, and incubated 
for the harvesting of germinated single spores. All three species have a rather slow-growing 
period, producing a 10–15 mm colony after 4 weeks (Barnes et al., 2004; Quaedvlieg et al., 
2012). Additionally, L. acicola, D. septosporum and D. pini cultures from Slovenia, obtained 
during previous studies (Jurc and Jurc, 2010; Piškur et al., 2013), were purified to single-
spore isolates and included in the present study. Representative fungal cultures are 
maintained at the Culture Collection (CMW) of the Forestry and Agricultural Biotechnology 
Institute (FABI), University of Pretoria, South Africa and at the culture collection of the 
Laboratory of Forest Protection at the Slovenian Forestry Institute (ZLVG) (Appendix 1). 
 
Figure 10. Conidium with germ tubes of Dothistroma sp. incubated for 48 hours on DSM media (left); 
Dothistroma septosporum single spore colony (right) (photo: D. Sadiković). 
Slika 10. 48-ur stara hifa, izrasla iz konidija glive Dothistroma sp. Na gojišču DSM po 48 urah inkubacije 
(levo) in enotrosen izolat glive D. septosporum (desno) (foto: D. Sadiković). 
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DNA was extracted following the protocol described by Goodwin et al. (1992). The DNA 
concentration and purity were measured using a NanoDrop®ND-1000 spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA), then diluted to approximately 30 ng/µL 
working stock. Taxonomic pre-analysis screening of all isolates was carried out using 
species-specific PCR primers and PCR conditions by Ioos et al. (2010): Dstub2-F/R for D. 
septosporum, Dptef-F/R for D. pini, Latef-F/R for L. acicola. Successful amplification of a 
~231 bp beta tubulin (β-tub2) PCR product identified a strain as D. septosporumand, an 
amplification product of the EF1-α gene of ~193 bp as D. pini and ~237 bp as L. acicola 
(Ioos et al., 2010). 
4.2 PHYLOGENETIC ANALYSES 
 
The phylogenetic analyses of all three pathogen species were conducted by sequencing three 
gene regions. The EF1-α gene region was amplified using primer pairs EF1-728F and EF1-
986R (Carbone and Kohn 1999), the ITS regions of the ribosomal RNA operon were 
amplified using primer pair ITS1 and ITS4 (White et al., 1990), and a portion of βT2 was 
amplified using the primer pair Bt2a/Bt2b (Glass and Donaldson, 1995). PCR reactions were 
performed in total volumes of 50 µL. The reaction mixtures consisted of 3 µL DNA template, 
3 µL of the forward and reverse primers (Sigma-Aldrich, St. Louis, MO, USA), 25 µL 
AmpliTaq Gold® 360 PCR Master Mix and 1 µL GC Enhancer (Applied Biosystems, Foster 
City, CA), and 13 µL of molecular grade H2O (Sigma-Aldrich, St. Louis, MO, USA). The 
PCR reactions were conducted under the following profile: 96 °C for 2 min, 10 cycles of 94 
°C for 30 s, annealing T °C for 30 s (56 °C for ITS; 58 °C for EF1-α; 55 °C for βT2), and 72 
°C for 1 min. Additional 30 cycles were included with the annealing time altered to 40 s with 
a time inclination of 5 s after each cycle, and a 10 min cycle at 72 °C at the end of the 
program. Amplification products were purified using Wizard SV gel and PCR clean-up 
system, (Promega, Madison, WI, USA) and sequenced by a sequencing facility (GATC, 
Konstanz, GR) in both the forward and reverse directions using the same primers used for 
the PCR sequences. Raw sequences were edited in BIOEDIT v7.2.0. (Hall, 1999) and 
sequence datasets were aligned in MEGA 6.0 using the MUSCLE algorithm (Tamura et al., 
2013).  
Maximum parsimony analyses (MP) were conducted with PAUP 4.0b10 (Swofford, 2003). 
Parsimony based heuristic search with tree bisection reconnection (TBR) as the tree-
perturbation algorithm and random stepwise addition of 1,000 replications was used for 
constructing the phylogenetic trees. Gaps were considered as an additional character with 
equal value (Simmons and Ochoterena, 2000). The confidence levels of the branching points 
were estimated using 1,000 bootstrap replicates. 
The maximum likelihood analyses (ML) were conducted were PhyML 3.0 (Guindon et al., 
2010). The generalized time-reversible substitution model (GTR) was selected as the most 
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suitable substitution model as determined with PhyML SMS (Smart Model Selection) 
(Lefort et al., 2017). Confidence levels for nodes were assessed with 1,000 bootstrap 
replicates. 
Bayesian inference analyses (BI) were conducted with MrBayes 3.2 (Ronquist et al., 2012). 
The analyses and calculation of posterior probabilities were performed in four runs with 
Markov Chain Monte Carlo (MCMC) consisting of 3,000,000 generations in six independent 
runs. The generalized time-reversible (GTR) was selected as the substitution model based 
on results jModelTest Version 0.1.1 (Posada, 2008), with selected gamma-distributed rate 
variation across sites, and a proportion of invariable sites. Trace Analysis was conducted in 
TRACER v1.6 (Rambaut and Drummond, 2013) after removing 15 % burn-in.  
A partition homogeneity test (PHT) was performed using PAUP* 4.0b10 (Swofford 2003) 
to test congruence selected phylogenetic marker genes. If the P-value of the PHT test is less 
than 0.01, the gene regions are congruent, and the results of multiple gene analyses can be 
represented by a single phylogenetic tree. In all three analyses, D. septosporum, D. pini, and 
L. acicola were interchangeably used as the outgroup taxa. 
4.3 MICROSATELLITE AMPLIFICATION 
 
4.3.1 Lecanosticta acicola 
 
All Lecanosticta acicola isolates were screened with eleven microsatellite markers 
previously developed for fragment analysis (Janoušek et al., 2014). Primer annealing 
temperatures and polymerase chain reaction (PCR) conditions were modified to reduce 
interference in further fragment analyses and improve the amplification of the PCR product 
of two primer pairs. Accordingly, the annealing temperature for the MD11 product was 
increased to 60 °C or reduced to 60 °C and the MD6 (Sadiković et al., 2019). PCR amplicons 
were pooled into two panels for fragment analyses depending on the colour of the fluorescent 
dyes and amplicon lengths in the following order: MD9, MD8, MD7, MD6, MD2 and MD1 
in Panel 1; and MD12, MD11, MD10, MD8, MD5, and MD4 in Panel 2. Amplifications 
were achieved in 25 µL reactions volume, using 0.2 µL of FastStart Taq (5 U/µL) (Roche 
Diagnostics, Indianapolis, IN, USA), 2.5 µL of PCR reaction buffer 10 × conc. and MgCl2 
stock solution 25 mM for the preparation of optimized PCR reaction mixes (Roche 
Diagnostics, Indianapolis, IN, USA), 2.5 µL of 10 mM dNTP mixture (Sigma-Aldrich, St. 
Louis, MO, USA), 0.5 µL of each of the two 10 mM primers, 14.3 µL of molecular grade 
H2O (Sigma-Aldrich, St. Louis, MO, USA) and 2 µL of genomic DNA. PCR profile was as 
follows: 95 °C for 10 min; 10 cycles of 95 °C for 30 s, primer’s appropriate annealing 
temperature (Appendix 3) for 45 s, and 72 °C for 60 s; 30 cycles of 95 °C for 30 s, primer’s 
appropriate annealing temperature for 45 s with a time increment of + 5 s following every 
cycle, and 72 °C for 60 s; extension of 30 min at 60 °C. Pooled amplicons were loaded on 
the Applied Biosystems® 3730xl DNA Analyzer and sized with the GeneScan™ 500 LIZ® 
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(Thermo Fisher, Waltham, MA, USA) Size Standard. Microsatellite allele sizes were 
estimated using the GeneMapper® Software 4.1 (Applied Biosystems, Foster City, CA, 
USA). 
4.3.2 Dothistroma septosporum 
 
Twelve microsatellite markers, developed by Barnes et al. (2008) and one marker 
Doth_DBC2 (Ganley and Bradshaw, 2001) were used for screening of Dothistroma 
septosporum isolates. Amplifications were achieved in 15 µL reactions volume, using 0.18 
µL of FastStart Taq (5 U/µL) (Roche Diagnostics, Indianapolis, IN, USA), 1.5 µL of PCR 
reaction buffer 10 × conc. 1.5 µL MgCl2 stock solution 25 mM (Roche Diagnostics, 
Indianapolis, IN, USA), 1.5 µL of 10 mM dNTP mixture (Sigma-Aldrich, St. Louis, MO, 
USA), 0.25 µL of each of the two 10 mM primers, 8.82 µL of molecular grade H2O (Sigma-
Aldrich, St. Louis, MO, USA) and 1 µL of genomic DNA. Amplifications were achieved 
under following PCR profile: 95 °C for 10 min; 10 cycles of 95 °C for 30 s, primer’s 
appropriate annealing T °C for 45 s, and 72 °C for 60 s; 25 cycles of 95 °C for 30 s, primer’s 
appropriate annealing T °C for 45 s with a time increment of +5 s after each cycle, and 72 
°C for 60 s; extension of 30 min at 60 °C. After a test analysis, Doth_DBC2 marker annealing 
temperature was raised to 57 °C, and Doth_F and Doth_M to 59 °C. All amplified markers 
were grouped into two panels and were analyzed on the same fragment analysis system and 
using the same software as Lecanosticta acicola, with the 600 LIZ® Size Standard (Thermo 
Fisher, Waltham, MA, USA).  
4.3.3 Dothistroma pini 
 
A portion of the Dothistroma pini population, obtained during this study, was used in the 
development of microsatellite markers for use in studying the population structure of this 
pathogen (Siziba et al., 2016). Sixteen de novo developed microsatellite markers and one 
marker Doth_A, developed previously by Barnes et al. (2014b), were used for assessing 
genetic diversity and population structure of Slovenian D. pini isolates. Doth_A is 
monomorphic in D. pini isolates and can be used as a species discrimination marker (Barnes 
et al., 2008b). The PCR reaction mixture was made up to a 25 µL volume that included 17 
µL of molecular grade H2O (Sigma-Aldrich, St. Louis, MO, USA), 2.5 µL of a 10 × buffer 
(Roche Diagnostics, Indianapolis, IN, USA), 2.5 µL of 0.2 mM dNTPs, 0.25 µL of 200 nM 
of each of the forward and reverse primer pairs, 0.5 µL of FastStart Taq 5 U/µL (Roche 
Diagnostics, Indianapolis, IN, USA), 1 µL of 25 mM MgCl2 (Roche Diagnostics, 
Indianapolis, IN, USA) and 1 µL of DNA. The PCR profile of reactions was as follows: 96 
°C for 10 min; 10 cycles of 96 °C for 30 s, primer’s appropriate annealing T °C for 45 and 
72 °C for 60 s; 30 cycles of 96 °C for 30 s, primer’s appropriate annealing T °C for 45 s with 
a time increment of +5 s after each cycle and 72 °C for 1 min; extension of 30 min at 60 °C. 
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4.4 DATASET ARRANGEMENT 
 
Two datasets, based on microsatellite allele sizes, were generated for the analyses; clone- 
corrected and non-clone-corrected dataset. The non-clone-corrected dataset was used to 
calculate measures of haplotype diversity. The clone-corrected dataset comprised of 
populations consisting of a single individual representing each unique multilocus haplotype 
(MLH) and was used to analyze population structure and calculate allelic richness, private 
allele richness and gene diversity. Both datasets were used to test for recombination in the 
populations. 
4.5 POPULATION STRUCTURE 
 
Based on microsatellite fragment analysis, STRUCTURE 2.3.4 was used to analyze 
population clustering, (Falush et al., 2003) by implementing a Bayesian, model-based 
clustering algorithm that samples from a probability distribution (MCMC) to assign 
individuals to a specific cluster (K). In order to estimate the most appropriate cluster scenario 
and population structure, thirty independent runs of K = 1-10 were performed. Each run 
consisted of 100,000 burn-in iterations, followed by 500,000 MCMC iterations. Estimation 
of the most appropriate cluster scenario was conducted in StructureSelector (Li and Liu, 
2018), applying the Evanno method (Evanno et al., 2005) and four alternative statistical 
measures (MAXMEAK, MEDMEDK, MAXMEDK, and MEDMEAK) which have shown 
better accuracy in analyses of uneven sample-sized populations (Puechmaille, 2016). The 
convergence of all thirty STRUCTURE runs and detection of potential dissimilarities 
between the individual runs was completed using CLUMPP (Jakobsson and Rosenberg, 
2007), applying the “Greedy” algorithm to compute pair-wise symmetric similarity 
coefficient (SSC) for estimation of similar runs (SSC>0.9) in 10,000 random input orders of 
runs. DISTRUCT (Rosenberg, 2004) was used for visualization of the final output. 
As an addition to the Bayesian clustering method, exploratory discriminant analysis of 
principal components (DAPC) was applied using the “adegenet” package in “R studio 
v.3.3.2” (Jombart et al., 2010) run on R v.3.6.1 (Team R, 2013) to detect and depict 
population genetic structure. DAPC maximizes the variances between groups, while 
minimizing the variances within groups using discriminant analysis subsequent to the 
analysis of principal components, not assuming linkage and Hardy-Weinberg equilibrium 
within the populations (Jombart et al., 2010). The appropriate cluster scenario was estimated 
applying the “find.clusters” function, implementing the Bayesian Information Criterion 
(BIC). The optimal number of retained principal components was estimated by 
implementing the “xvalDapc” function, according to the cross-validation metric (Jombart et 
al. 2010). 
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Hierarchical Analysis of Molecular Variance (AMOVA) was performed in GENALEX 6.5 
(Peakall and Smouse, 2012) to evaluate structure and the degree of population differentiation 
between populations, hosts species groups, countries of origin and within these groups. 
4.6 GENETIC DIVERSITY 
 
Overall genetic diversity of a population is assessed by exploring variations on two different 
levels. Inferring varieties based on numbers and frequencies of alleles at a locus is the gene 
diversity and is affected overall by the natural selection, genetic drift, age of a population 
and population size. Genotypic (haplotypic in haploid organisms) diversity is studied on a 
level of populations and is based on numbers and frequencies of genetically distinct 
individuals in a population and mainly determined by the mode of reproduction in a 
population – sexual vs. asexual (McDonald, 1997). Microsatellite loci are widely used 
molecular markers as they can be highly polymorphic and thus very informative for defining 
populations and estimating population differences. 
Gene diversity per locus per population was estimated using FSTAT 2.9.3 (Goudet, 2001). 
When averaged over all loci for a population, it can give useful info regarding a population’s 
genetic history (Nei, 1973; McDonald, 1997; Zaffarano et al., 2006). Allelic richness (AR), 
defined as the number of distinct alleles in a population and private allelic richness (PAR), 
defined as the number of alleles unique to the population were estimated using ADZE 
(Szpiech et al., 2008). Both measure genetic diversity and can indicate a population’s 
potential for long-term adaptability (Greenbaum et al., 2014). ADZE implements a refraction 
method to normalize all the populations to a standardized size, while keeping their allele 
distributions, thus permitting the analyses of different-sized populations. Haplotypic 
diversity was inferred using MULTILOCUS (Agapow and Burt, 2001). The clonal fraction 
(CF), defined by Zhan et al. (2003) as a proportion of fungal individuals deriving from 
asexual reproduction, was calculated as 1-[(number of unique haplotypes)/(total number of 
isolates)]. Wright’s fixation index (FST) between populations was computed using 
GENALEX (Smouse and Peakall, 2012). Generally, the value ranging from 0.00 to 0.05 
indicates little or no inter-population differentiation and FST values above 0.25 imply a very 
high genetic differentiation (Hartl et al., 1997). Nei’s unbiased genetic pairwise distance (Da) 
(Nei, 1978) was estimated using GENALEX (Smouse and Peakall, 2012). Da infers genetic 
divergence between populations across all loci simultaneously, assuming that differences 
arise due to both genetic drift and mutation (Nei, 1987). 
4.7 MATING TYPES AND MODE OF REPRODUCTION 
 
The mating type idiomorphs of L. acicola isolates were determined using the primer pairs 
MdMAT1-1F, Md MAT1-1R and MdMAT1-2F, MdMAT1-2R (Janoušek et al., 2014). 
Amplifications were achieved in 12.5 µL volume reactions, mixing 5 µL AmpliTaq Gold® 
360 PCR Master Mix (Applied Biosystems, Foster City, CA), 0.2 µL of 360 GC Enhancer 
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(Applied Biosystems, Foster City, CA), 0.25 µL of each 10 mM primer pair, 3.3 µL of 
molecular grade H2O and 3 µL of working DNA stock. Touchdown PCR was applied with 
an initial cycle set of 95 °C for 10 min, nine cycles of 95 °C for 30 s, 67 °C for 45 s with a 
temperature decrease of 1 °C following every cycle and 72 °C for 60 s. This was followed 
by a second cycle set of 29 cycles of 95 °C for 30 s, 57 °C for 45 s with a time increment of 
5 s per cycle, 72 °C for 60 s, finishing with a final elongation at 72 °C for 10 min. Based on 
the expected size of the PCR products, gel electrophoresis was used for the discrimination 
of mating types (634 bp for MAT1-1; 323 bp for MAT1-2). 
Dothistroma spp. mating type amplifications were performed under reaction conditions 
described by Groenewald et al. (2007), using the following primer pairs: DseptoMat1f, 
DotMat1r, DseptoMat2f, and DotMat2r for D. septosporum; DotMat1r, DotMat1r, 
DpiniMat2f, and DotMat2r for D. pini. Multiplex reactions of 12.5 µL, consisted of 0.08 of 
(5 U/µL) Platinum Taq polymerase (Invitrogen, Carlsbad, CA, USA), 1.25 µL of 10 × conc. 
PCR buffer (Invitrogen, Carlsbad, CA, USA), 0.25 µL of each of the two primer pairs, 0.6 
µL of 10 mM dNTP mixture (Fermentas, Waltham, MA, USA) and 7.32 µL of molecular 
grade H2O. Mating types were discriminated using gel electrophoresis based on the expected 
size of the PCR products (820 bp for MAT1-1; 480 bp for MAT1-2). 
To infer whether populations deviated from the null hypothesis of a 1:1 ratio of mating types, 
an exact binomial test, using two-tailed P-values was used 
(http://udel.edu/~mcdonald/statexactbin.html). 
The degree of sexual recombination or asexual reproduction in populations was estimated 
using tests of linkage disequilibrium (LD), based on the index of association (IA) and rBarD 
(r̅d) in MULTILOCUS 1.3b (Agapow and Burt, 2001) using both clone-corrected and non-
clone-corrected datasets. The r̅d is a modification of IA which removes the dependency on 
the number of loci and is considered a more reliable measure of association (Agapow and 
Burt, 2001). The observed values of LD test were compared with the LD test data generated 
in 1,000 randomizations, simulating random mating. If the value falls within the distribution 
of simulated data, representing a randomly recombining population, this would indicate that 
the population is in linkage equilibrium and is undergoing sexual recombination. The non-
random mating hypothesis is significant where P ≤0.05. 
Parsimony tree-length permutation test (PTLPT) constructs trees from the microsatellite 
multilocus genotype data applying parsimony in PAUP 4.0b10 (Swofford, 2003) and 
compares the observed tree lengths to the lengths of a randomized dataset. The randomized 
dataset is produced by 1000 permutations in MULTILOCUS v1.3, simulating a sexually 
reproducing population. The test relies on the fact that all regions of the genome are similarly 
inherited under clonality. Thus, sexually reproducing populations would have lengthy and 
more complex trees, while the asexually reproducing population would display fewer 
shorter, well-resolved trees (Burt et al., 1996). The hypothesis of sexual reproduction is 
supported when P ≥0.05. 
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4.8 Dothistroma septosporum MIGRATION ANALYSIS 
 
Measuring the amounts of gene flow based on the microsatellite data between the 
populations of Dothistroma septosporum was performed using MIGRATE-n 3.6 (Beerli and 
Palczewski, 2010). The software utilizes Bayesian type calculations and calculates 
immigration rates and the number of immigrants per population, based on the coalescent 
theory of common ancestry. Migration rates (M) measures the importance of immigration 
versus mutation in introducing new variants into a population and is defined as M=m/mµ, 
where m is the proportion of migrants per generation and µ represents the mutation rate per 
microsatellite locus per generation. The number of immigrates per population, or Theta (Θ), 
is calculated as the product of effective population size (Ne), and the mutation rate (µ) (Θ=2 
Neµ). The analyses were performed on the clone-corrected dataset, under the single-step 
microsatellite model, and with FST (Fw/Fb) measure used for simple estimation of theta and 
migration start rates. FST-calculations for START values were used for calculations of both 
M and Θ, with symmetric connection type matrix. The mutation rate was set to be constant 
for all loci. Analyses were performed on one long chain with 5,000 recorded steps after every 
100 steps with a burn-in of 10,000. The analysis has been performed on two differently 
organized datasets, with the first one measuring migration rates between the three different 
countries, and the second one measuring migrations between the individual populations. 
Only migration rates that excide the arithmetic mean of M for all populations were 
considered as valid. 
4.9 MORPHOMETRY ANALYSIS OF Lecanosticta acicola conidia 
 
Morphometric analysis was conducted to test if Lecanosticta acicola taxonomic groupings 
according to conidial dimensions (width and length) follow groupings based on molecular 
data. This was performed by comparing the dimensions of conidia (width and length) of 
Slovenian and Croatian L. acicola isolates with the results of population structure obtained 
from fragment analysis of eleven microsatellite regions. The conidia were harvested from 
the spore-bearing structures appearing on the surface of single-spore L. acicola cultures. 
Conidia harvesting and measurements were conducted after 30 days of incubation of all 
cultures on the DSM media at 21 °C. Harvested conidia were infused in sterile H2O on glass 
slides and the lengths and widths of conidia were measured using Olympus BX53 light 
microscope equipped with the Olympus DP26 camera system (Olympus, Japan). Up to thirty 
conidia per isolate, originating from three different hosts (Pinus mugo, P. nigra and P. 
halepensis) and six locations (Tolmin, Trenta, Čatež, Ljubljana, Bled (all in Slovenia) and 
Kožino (Croatia), were measured. Variances in conidial lengths and widths between L. 
acicola collections from different countries and hosts were tested using a one-way analysis 
of variance (one-way ANOVA), followed by the least significant difference (LSD) Post Hoc 
test. All morphometry analyses were performed using SPSS for Windows, version 22 
(Software, Munich, Germany). 
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Altogether, 224 fungal isolates were obtained from ten sampling locations located in 
Slovenia Serbia, and Croatia, and molecularly identified using species-specific PCR primers 
as L. acicola, D. septosporum, and D. pini (Table 1). 
Table 1: Dothistroma septosporum, D. pini and Lecanosticta acicola isolates used in this study.  
Preglednica 1. Izolati Dothistroma septosporum, D. pini in Lecanosticta acicola, ki smo jih uporabili v 
raziskavi. 
  L. acicola D. septosporum D. pini 
Country Location Na MLHb Host Na MLHb Host Na MLHb Host 
Slovenia Celje    11 6 P. mugo    
Slovenia Pivka    21 8 P. nigra 37 3 P. nigra 
Slovenia Trenta 18 5 P. mugo 19 15 P. nigra    
Slovenia Ljubljana 4 4 P. mugo 4 3 P. nigra    
Slovenia Tolmin 12 1 P. nigra       
Slovenia Bled 4 2 P. mugo       
Slovenia Čatež 5 4 P. mugo       
Serbia Stara 
Planina   - 28 16 P. nigra    
Serbia Tara   - 7 2 P. nigra    
Croatia Kožino 26 4 P. halepensis 28 19 P. halepensis    
 
aNumber of isolates belonging to each cluster. 
bNumber of unique multilocus haplotypes. 
Isolates were obtained from four different pine tree species located in the Soča river valley 
in Tolmin and Trenta, tree groves in Pivka, graveyards in Celje, old pine plantations in 
Kožino, ornamentally planted trees in Čatež and Ljubljana, and pine forests and forest 
regenerations of Tara Mountains and Mt Stara Planina. Lecanosticta acicola, Dothistroma 
septosporum have been isolated from infected Pinus nigra, P. mugo and P. halepensis trees. 
D. pini from infected P. nigra natural regeneration in Pivka and Karst area near Pivka. 
5.2 PHYLOGENETIC ANALYSIS 
 
In total thirty-one isolates were used in phylogenetic analysis. Eight isolates belonging to 
the Dothistroma septosporum species, six D. pini isolates, and seventeen Lecanosticta 
acicola isolates.  
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5.2.1 Dothistroma septosporum  
 
The βT2, EF1-α and ITS gene regions were sequenced for eight Dothistroma septosporum 
isolates that were collected in the present study and represent all investigated locations 
containing this pathogen. Two additional isolates (ZLVG 361, ZLVG 364) (Appendix 2) 
representing Ljubljana sampling location (obtained in 2012) were added to the analyses 
(Piškur et al., 2013). Thirty-three additional sequences, representing eleven D. septosporum 
individuals originating from various countries and continents, were obtained from GenBank 
(Appendix 2). GenBank sequences obtained from Lecanosticta acicola isolates CMW9985 
and CMW13119 were used as outgroup taxa for all three gene regions. The three composed 
datasets were comprised of twenty-one D. septosporum strains (ingroup), representing five 
continents and regions near the studied region, and two L. acicola outgroup taxa. 
The length of the aligned sequences in the three generated datasets representing βT2, EF1-
α, and ITS gene regions were 376 bp, 293 bp and 434 bp. The three phylogenetic analysis 
methods (BI, MP and ML) all produced the same topologies. However, the PHT test 
produced a p-value of 0.299 and the datasets were considered incongruent. 
5.2.1.1 Beta-tubulin-2 (βT2) 
 
In the MP analysis of 376 aligned nucleotides, 82 were parsimony-informative characters. 
Tree length (TR), consistency index (CI), retention index (RI), and rescaled consistency 
index (RC), and homoplasy index (HI), were 83, 0.99, 0.99, 0.98, and 0.01. Four equally 
parsimonious trees were retained. 
Three different haplotypes were detected based on two polymorphisms within this gene 
region. βT2 Haplotype 1 contains an insertion of base G in position #197 (GenBank 
sequences MN257907, MN257908 and MN257909) and is represented by the Croatian 
isolates, and the second base polymorphism being the C instead of T in the second intron 
(site #298 of the KC149571 GenBank sequence) of the βT2 gene region (Figure 11). The 
indel polymorphism is present only in the sequences obtained from Croatian isolates, and 
the GenBank sequences originating from Kenya, South Africa, Australia, Chile, Ecuador, 
and Oregon (GenBank isolate numbers listed according to the country order: CMW10722, 
CMW8658, CMW8658, CMW9304, CMW9920, and CMW14822). Thus, these isolates 
form a separate lineage. Most Slovenian and Serbian isolates (sequence MN257902 to 
MN257906) belong to the βT2 Haplotype 2 as they lack the first indel mutation and contain 
base T instead of C in the second intron of the gene region. These isolates group with 
GenBank isolates originating from Austria, Germany, France, Slovakia, and Poland. The 
isolate from Ljubljana belongs to the third observed haplotype (βT2 Haplotype 3) as it 
contains the same polymorphism as the Croatian population (base C instead of the base T, 
present Croatia), however, lacks the first indel mutation. 
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Figure 11. The different βT2 haplotypes found in analyzed Dothistroma septosporum populations in 
Slovenia, Croatia, and Serbia. 
Slika 11. Različni βT2 haplotipi, ki smo jih identificirali v analiziranih populacijah Dothistroma septosporum 
v Sloveniji, Srbiji in na Hrvaškem. 
 
One of four equally parsimonious MP trees was chosen for the result representation 
(Figure 12). 
 
Figure 12. The most parsimonious tree based on maximum parsimony analyses of the βT2 sequences of 
Dothistroma septosporum obtained from Slovenia, Croatia and Serbia. Bold branches indicate Bayesian 
inference values >0.90. Maximum parsimony bootstrap support values (>75 %) are indicated above branches, 
while the maximum likelihood is below the branches. 
Slika 12. Filogenetsko drevo izbranih slovenskih, hrvaških in srbskih izolatov D. septosporum, narejeno po 
analizi nukleotidnih zaporedij βT2 z metodo največje varčnosti. Odebeljene veje predstavljajo tiste veje, kjer 
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je Bayesov informacijski kriterij > 0.90. Bootstrap-vrednosti podpore (>75 %) so navedene nad, vrednosti 
metode največjega verjetja pa pod vejami. 
5.2.1.2 Elongation factor 1- α (EF1-α) 
 
In the MP analysis of 354 aligned nucleotides, eight variable characters were parsimony-
uninformative, and 80 were parsimony-informative characters. Tree length (TR), 
consistency index (CI), retention index (RI), and rescaled consistency index (RC), and 
homoplasy index (HI), were 91, 0.99, 0.99, 0.98, and 0.01. Two equally parsimonious trees 
were retained. 
In all three analysis methods, five single-base polymorphisms were detected amongst the 
ingroup taxa (Figure 13). Moving in a 5’ to 3’ direction, the first and last polymorphisms 
were present in all isolates, with isolates from Kenya, Poland, Germany, Slovakia, Austria, 
South Africa and Ecuador (CMW10722, CMW13004, CMW13122, CMW13123, 
CMW14903, CMW8658 and CMW9920) containing base A in the first polymorphic site (in 
opposition to the rest of the ingroup taxa containing base G at the same site #8), and the base 
C in the last polymorphic site (site #288 of the GenBank sequences). These isolates thus 
represent a distinct haplotype (EF1-α Haplotype 1) in the analysis and form a separate 
phylogenetic clade. Only isolates obtained from Croatia contained the second and the fourth 
mutations (base C instead of base T in the first polymorphic site #41, and base G instead of 
base A at the second polymorphic site #138 of the GenBank sequences MN257946, 
MN257947 and MN257948) and form a distinct EF1-α Haplotype 2 and a separate 
phylogenetic clade. At the third polymorphic site, one isolate collected from Celje sampling 
location contained the base A instead of base C (site #55 of the GenBank sequence 
MN257942) as the rest of the ingroup taxa and represents a distinct and unique haplotype 
EF1-α Haplotype 3. All other Slovenian and Serbian isolates are represented with the EF1-
α Haplotype 4. 
 
Figure 13. The different EF1-α haplotypes found in analyzed Dothistroma septosporum populations from 
Slovenia, Croatia and Serbia.  
Slika 13. Različni EF1-α haplotipi, ugotovljeni v analiziranih slovenskih, hrvaških in srbskih populacijah 
Dothistroma septosporum. 
 
One of two equally parsimonious MP tree was chosen for the result representation (Figure 
14). 
Sadiković D. Population structure of causal agents of red band and brown spot needle blight of pines in … Europe. 





Figure 14. The most parsimonious tree based on maximum parsimony analyses of the EF1-α sequences of 
isolates of Dothistroma septosporum from Slovenia, Croatia and Serbia. Bold branches indicate Bayesian 
inference values >0.90. Maximum parsimony bootstrap support values (>75 %) are indicated above branches, 
while the maximum likelihood is below the branches. 
Slika 14. Filogenetsko drevo izbranih slovenskih, hrvaških in srbskih izolatov D. septosporum, narejeno po 
analizi nukleotidnih zaporedij EF1-α z metodo največje varčnosti. Odebeljene veje predstavljajo tiste veje, 
kjer je Bayesov informacijski kriterij > 0.90. Bootstrap-vrednosti podpore (>75 %) so navedene nad, 
vrednosti metode največjega verjetja pa pod vejami. 
5.2.1.3 Internal transcribed spacers (ITS) 
 
Of 443 total characters in the MP analysis, 41 were parsimony-informative characters. All 
variable characters are parsimony-informative. Tree length (TR), consistency index (CI), 
retention index (RI), and rescaled consistency index (RC), and homoplasy index (HI), were 
41, 1.0, 1.0, 1.0, and 0.0. 
All ingroup taxa had identical ITS sequences and were, therefore, of the same haplotype. All 
three phylograms produced by BI, ML, and MP analyses had identical topologies, and are 
represented by the MP tree (Figure 15).  
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Figure 15. The most parsimonious tree based on maximum parsimony analyses of the ITS sequences of 
isolates of Dothistroma septosporum from Slovenia, Croatia and Serbia. Maximum parsimony bootstrap 
support values (>75 %) are indicated above branches, while bootstrap support values from maximum 
likelihood analyses are below branches.  
Slika 15. Filogenetsko drevo izbranih slovenskih, hrvaških in srbskih izolatov D. septosporum, narejeno po 
analizi nukleotidnih zaporedij ITS z metodo največje varčnosti. Odebeljene veje predstavljajo tiste veje, kjer 
je Bayesov informacijski kriterij > 0.90. Bootstrap-vrednosti podpore (>75 %) so navedene nad, vrednosti 
metode največjega verjetja pa pod vejami. 
 
5.2.2 Dothistroma pini 
 
Six Dothistroma pini sequences, obtained from isolates representing Pivka region were used 
in phylogeny analyses. Three sequence datasets for analyzing βT2, EF1-α, and ITS gene 
regions were assembled with sizes depending on the GenBank D. pini sequence availability. 
Six GenBank sequences, representing two L. acicola isolates (CMW9985, CMW13119) 
were used as the outgroup taxa.  
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The sequence length of the aligned datasets in βT2, EF1-α, and ITS gene region analyses 
were 385bp, 342bp, and 445bp. 
5.2.2.1 Beta-tubulin-2 (βT2) 
 
Of 416 total characters, one variable character was parsimony-uninformative. Ninety-nine 
characters were parsimony-informative. Tree length (TR), consistency index (CI), retention 
index (RI), and rescaled consistency index (RC), and homoplasy index (HI), were 101, 1.0, 
1.0, 1.0, and 0.0. All tested isolates shared the same haplotype, produced identical results in 
all three analyses, and are represented by the MP tree (Figure 16).  
 
Figure 16. The most parsimonious tree based on maximum parsimony analyses of the βT2 sequences of 
isolates of Dothistroma pini from Slovenia. Bold branches indicate Bayesian inference values >0.90. 
Maximum parsimony bootstrap support values (>75 %) are indicated above branches, while maximum 
likelihood is below the branches. 
Slika 16. Filogenetsko drevo izbranih slovenskih izolatov D. pini, narejeno po analizi nukleotidnih zaporedij 
βT2 z metodo največje varčnosti. Odebeljene veje predstavljajo tiste veje, kjer je Bayesov informacijski 
kriterij > 0.90. Bootstrap-vrednosti podpore (>75 %) so navedene nad, vrednosti metode največjega verjetja 
pa pod vejami. 
5.2.2.2 Elongation fator 1-α (EF1-α) 
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Phylogenetic analysis of EF1-α gene region included 11 ingroup taxa. In the maximum 
parsimony analysis, of 342 total characters, 4 variable characters were parsimony-
uninformative. The number of parsimony-informative characters was 80. Tree length (TR), 
consistency index (CI), retention index (RI), and rescaled consistency index (RC), and 
homoplasy index (HI), were 85, 0.99, 0.99, 0.98, and 0.01. 
Two haplotypes were detected in the dataset, with the Slovenian isolates sharing the same 
haplotype with isolates from Minnesota, Nebraska and France (GenBank sequences 
CMW14820, CMW14821 and CMW9992). Sequences originating from isolates obtained from 
Russia, and Ukraine possess a unique single base polymorphism (base C instead of base T 
at site #276 of the GenBank sequences KF253250 and KF253115), and formed a separate 
clade in all three analyses (Figure 17). 
 
Figure 17. The different EF1-α haplotypes found in analyzed Dothistroma pini population from Slovenia.  
Slika 17. Različni EF1-α haplotipi, ugotovljeni v analiziranih slovenskih populacijah Dothistroma pini.  
 
 The combined phylogenetic tree is thus represented by the MP tree (Figure 18).  
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Figure 18. The most parsimonious tree based on maximum parsimony analyses of the EF1-α sequences of 
isolates of Dothistroma pini from Slovenia. Bold branches indicate Bayesian inference values >0.90. 
Maximum parsimony bootstrap support values (>75 %) are indicated above branches, while maximum 
likelihood is below the branches.  
Slika 18. Filogenetsko drevo izbranih slovenskih izolatov D. pini, narejeno po analizi nukleotidnih zaporedij 
EF1-α z metodo največje varčnosti. Odebeljene veje predstavljajo tiste veje, kjer je Bayesov informacijski 
kriterij > 0.90. Bootstrap-vrednosti podpore (>75 %) so navedene nad, vrednosti metode največjega verjetja 
pa pod vejami. 
 
5.2.2.3 Internal transcribed spacers (ITS) 
 
Sixteen ingroup taxa were used in the ITS gene region analysis. Of 445 total characters, 392 
were constant. The number of parsimony-informative characters was 53. Tree length (TR), 
consistency index (CI), retention index (RI), and rescaled consistency index (RC), and 
homoplasy index (HI), were 53, 1.0, 1.0, 1.0, and 0.0. A single tree was retained. 
Two haplotypes were detected in the dataset, with the Slovenian isolates sharing the same 
haplotype Dp_Hap.1 (Barnes et al., 2016) with isolates from Minnesota, Nebraska and 
Michigan (GenBank sequences listed according to the country order: CMW14820, 
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CMW14821 and CMW9992). Sequences obtained from isolates originating from Russia and 
Ukraine (GenBank ascension numbers KF253250 and KF253115) formed a separate clade 
and belong to Dp_Hap.2 (Barnes et al., 2016). All three phylograms produced by BI, ML, 
and MP analyses had identical topology, and are represented by the MP tree (Figure 19). 
 
Figure 19. The most parsimonious tree based on maximum parsimony analyses of the ITS sequences of 
isolates of Dothistroma pini from Slovenia. Bold branches indicate Bayesian inference values >0.90. 
Maximum parsimony bootstrap support values (>75 %) are indicated above branches, while maximum 
likelihood is below the branches. 
Slika 19. Filogenetsko drevo izbranih slovenskih izolatov D. pini, narejeno po analizi nukleotidnih zaporedij 
ITS z metodo največje varčnosti. Odebeljene veje predstavljajo tiste veje, kjer je Bayesov informacijski 
kriterij > 0.90. Bootstrap-vrednosti podpore (>75 %) so navedene nad, vrednosti metode največjega verjetja 
pa pod vejami. 
 
5.2.3 Lecanosticta acicola 
 
Seventeen Lecanosticta acicola sequences in total, obtained from isolates representing 
Slovenia and Croatia were used in phylogeny analyses. Two sequence datasets for analyzing 
EF1-α, and ITS gene regions were assembled with sizes depending on the GenBank L. 
acicola sequence availability. Dothistroma septosporum and D. pini were used as the 
outgroup taxa.  
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The sequence length of the aligned datasets in βT2, EF1-α, and ITS gene region analyses 
were 385bp, 342bp, and 445bp. 
 
5.2.3.1 Elongation factor 1-α (EF1-α) 
 
Seventeen chosen isolates, representing all sampling locations diagnosed with BSNB, and 
confirmed as Lecanosticta acicola based on EF1-α sequences (~490 bp), were used in 
phylogenetic analysis.  
In the maximum parsimony analysis, of the 226 aligned nucleotides, 21 parsimony-
uninformative characters, 61 were parsimony-informative and 144 characters were constant. 
Tree length, homoplasy index, consistency index, rescaled consistency index and retention 
index were 93, 0, 1.0, 1.0 and 1.0. A single tree was retained. 
Phylogenies generated in ML, MP and BI analyses displayed identical topologies, and the 
MP tree was selected for visualization of analyses results (Figure 20). Slovenian and 
Croatian isolates all grouped in the “Northern” lineage of L. acicola proposed by Janoušek 
et al. (2016) and Lineage 1 as proposed by van der Nest et al. (2019). Slovenian isolates 
shared identical sequences with the ex-type L. acicola isolate (KC013002), while all 
Croatian isolates possess a fixed unique single base polymorphism and formed a sub-clade. 
 
Sadiković D. Population structure of causal agents of red band and brown spot needle blight of pines in … Europe. 




Figure 20. Phylogenetic tree based on maximum parsimony analyses of the EF1- a sequences of selected 
Lecanosticta acicola isolates. Bold branches indicate Bayesian inference values >0.90. Maximum parsimony 
bootstrap support values (>75 %) are indicated above branches, while maximum likelihood is below the 
branches. 
Slika 20. Filogenetsko drevo različnih izbranih izolatov L. acicola, narejeno po analizi nukleotidnih 
zaporedij EF1-α z metodo največje varčnosti. Odebeljene veje predstavljajo tiste veje, kjer je Bayesov 
informacijski kriterij > 0.90. Bootstrap-vrednosti podpore (>75 %) so navedene nad, vrednosti metode 
največjega verjetja pa pod vejami. 
 
5.2.3.2 Internal transcribed spacers (ITS) 
 
Of 494 total characters in the MP analysis, 3 were parsimony-informative characters. All 
variable characters are parsimony-informative. Tree length (TR), consistency index (CI), 
retention index (RI), and rescaled consistency index (RC), and homoplasy index (HI), were 
51, 1.0, 1.0, 1.0, and 0.0. 
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All ingroup taxa had identical ITS sequences, therefore belonging the same haplotype. All 
three phylograms produced by BI, ML, and MP analyses had identical topologies, and are 
represented by the most parsimonious MP tree (Figure 21). 
 
  
Figure 21. The most parsimonious tree based on maximum parsimony analyses of the ITS sequences of 
isolates of Lecanosticta acicola. Maximum parsimony bootstrap support values (>75 %) are indicated above 
branches, while maximum likelihood is below the branches. Dothistroma septosporum and D. pini isolates 
were used as outgroup taxa. 
Slika 21. Filogenetsko drevo izbranih slovenskih in hrvaških izolatov L. acicola, narejeno po analizi 
nukleotidnih zaporedij ITS z metodo največje varčnosti. Odebeljene veje predstavljajo tiste veje, kjer je 
Bayesov informacijski kriterij > 0.90. Bootstrap-vrednosti podpore (>75 %) so navedene nad, vrednosti 
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5.3 MICROSATELLITE AMPLIFICATION  
 
5.3.1 Dothistroma septosporum 
 
From the thirteen microsatellite markers, eleven were used in the analyses, as the two 
markers Doth_G, and Doth_F could not be scored with confidence. Plots of the number of 
sampled loci versus mean gene microsatellite marker diversity and versus the number of 
MLH display that less than 11 microsatellite markers are sufficient to explain 99 % of 
diversity, covering all haplotypes, thus justifying the number of loci for population genetic 
analyses (Figure 22). The graph reaches a plateau at 6 microsatellite loci (Doth_I), which 
shows that an adequate number of microsatellite markers were used for estimating the 
genetic diversity of D. septosporum populations. 
 
 
Figure 22. Mean genotypic diversity against the number of analyzed microsatellite markers using 
MULTILOCUS 1.3. 
Slika 22. Povprečna genotipska raznolikost glede na število analiziranih mikrosatelitnih markerjev s 
programom MULTILOCUS 1.3.  
 
Marker Doth_A was the only monomorphic marker across all populations sampled and used 
also for the discrimination between D. septosporum (124 bp) and D. pini (141 bp). 
Altogether, 1248 microsatellite alleles were amplified in 118 individuals. In total, 81 
different microsatellite allele sizes were detected, forming 71 multilocus haplotypes. The 
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highest number of haplotypes was observed in populations in Stara Planina (Serbia) and 
Kožino (Croatia) populations (MLH=18). Both populations also have the same number of 
individuals (n=28). Stara Planina population had 41 different variants and thus the highest 
number. The microsatellite locus with the highest mean diversity was DS2 with 0.68, while 
Doth_O had the lowest with 0.02 (excluding the Doth_A, which was monomorphic and has 
no diversity).  
 
5.3.2 Dothistroma pini 
 
Dothistroma pini was the most clonal taxon investigates. The whole population was 
composed of only three different multilocus haplotypes. From 628 microsatellite alleles 
amplified, only two different microsatellite allele sizes were detected in marker DP_11, and 
two in DP_7. Marker DP_11 had mean gene diversity of 0.11, and DP_7 had a diversity of 
0.24. Because of its clonality, D. pini isolates were excluded from population structure and 
genetic diversity analyses.  
5.3.3 Lecanosticta acicola 
 
All isolates used during the present study were screened using eleven microsatellite markers 
previously developed for L. acicola fragment analysis (Janoušek et al., 2014). Marker MD8 
was discarded as it produced stutter during fragment analysis making the microsatellite allele 
sizes scoring unreliable. Microsatellite markers MD1, MD2, MD11, and MD9 were 
monomorphic across all populations. In total, 10 microsatellite markers were used allowing 
amplification of 684 microsatellite alleles in 69 isolates. Across all populations, thirty-one 
different microsatellite alleles were detected, composing twenty unique multilocus 
haplotypes. All twelve Tolmin (Slovenia) isolates displayed identical MLH profile, while 
the largest number of haplotypes was observed in the Trenta (Slovenia) population (N=18; 
nMLH=5). 
5.4 POPULATION STRUCTURE 
 
5.4.1 Dothistroma septosporum 
 
Dothistroma septosporum STRUCTURE analysis (Evanno et al., 2005) revealed three 
genetic clusters (K=3) are present among D. septosporum populations in Slovenia, Serbia, 
and Croatia (Figure 23). Cluster A was dominantly represented in all individuals from 
Trenta. Partially, the elements of this cluster were found in five individuals sampled from 
Stara Planina Mountain, with levels of admixture less than 50 % in these individuals. This 
cluster is consistently present in individuals from P. nigra. Cluster B encompasses all 
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individuals from Celje, Pivka, Ljubljana, Tara and in the great majority of individuals from 
Stara Planina Mountain. This cluster is also partially present (less than 30 %) in one 
individual from Trenta. Cluster C is present in all individuals from Kožino (Croatia), and 
partially (less than 30 %) in an isolate from Stara Planina. Methods described by 
Puechmaille, (2016) for elucidating the best K option were not congruent and suggested 
ΔK=4 to ΔK=6, with two of the methods supporting the ΔK=5 scenario (Figure 23). 
However, in all scenarios, Trenta and Kožino individuals represent separate clusters, with 
the additional clusters present in isolates from Serbia and the remaining isolates from 
Slovenia.  
 
Figure 23. Structure analysis of Dothistroma septosporum populations collected from Slovenia, Serbia and 
Croatia. (a) STRUCTURE bar plots representing ΔK = 3 to ΔK = 7 Bayesian analysis scenarios. The 
percentage on the right represents the symmetric similarity coefficient (SSC) among outcomes of all 30 
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independent STRUCTURE runs. The population codes correspond to the order of populations listed in Table 
6 (b) Delineated results of Evanno (Evanno et al., 2005) (left) and Puechmaille (Puechmaille, 2016) (right) 
methods for determining optimal number of K. 
 
Slika 23. Rezultati analize populacijske strukture populacij Dothistroma septosporum. (a) STRUCTURE 
ploskev, ki predstavljajo K = 3, K = 4, K = 5, K = 6 in K = 7, pridobljene iz Bayesove analize vzorcev D. 
septosporum, zbranih iz Slovenije, Srbije in Hrvaške. Odstotek na desni predstavlja delež neodvisnih korakov 
STRUKTURE (skupaj 30), ki ustrezajo značilno podobnemu vzorcu združevanja (SSC> 0.9). Kode populacije 
ustrezajo vrstnemu redu populacij, naštetih v tabeli 6 (b) Prikazani rezultati Evanno (Evanno et al., 2005) 
(levo) in Puechmaille (Puechmaille, 2016) (desno) metode za določitev optimalnega števila K. 
 
The discriminant analysis of principal components indicated seven as the optimal number of 
genetic groups (Figure 24). Most of these groups are composed of individuals originating 
from different populations, apart from DAPC groups 1, 4 and 7. Groups 1 and 4 are 
composed entirely of Croatian isolates. Group 2 is composed of all Trenta isolates and two 
isolates originating from Stara Planina. Group 5 is composed of Slovenian isolates 
originating from Celje Ljubljana and most of the isolates from Pivka. Groups 3 and 6 are 
mixed and are constituted of Slovenian and Serbian isolates. Group 7 is composed of a 
portion of individuals with the same MLH profile collected from Pivka. Nineteen retained 
principal components and six discriminant functions accounted for 84.5 % of the variance.  
 
Figure 24. Population structure of the Slovenian, Serbian and Croatian Dothistroma septosporum isolates. 
(left) Scatterplot of the discriminant analysis of principal components (DAPC); the first two eigenvalues (top 
left corner) from discriminant analyses (DA) correspond to the horizontal and vertical axes; each colour 
represents a different cluster. (right) Composition of the DAPC clusters; rows correspond to inferred clusters, 
while columns correspond to sampled populations; size of squares is proportional to the number of clustered 
individuals. 
Slika 24. Populacijska struktura slovenskih, srbskih in hrvaških izolatov Dothistroma septosporum. (a) Graf 
raztrosa diskriminacijske analize glavnih komponent (DAPC); Prve dve eigen-vrednosti diskriminantne 
analize (DA) (označene v spodnjem desnem kotu) ustrezajo horizontalni in vertikalni osi. Oblike (zgornji levi 
kot) ustrezajo gostiteljskim vrstam, iz katerih je bil pridobljen izolat. (b) Sestava DAPC skupin, s stolpci, ki 
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ustrezajo ugotovljenim skupinam, dokler vrstice ustrezajo vzorčenim populacijam; velikost kvadratov v 
spodnji legendi je sorazmerna s številom izolatov, ki sestavljajo DAPC skupino. 
 
The majority of molecular variance resides within groups in all three analyses when isolates 
are grouped on all three denoted hierarchical levels (sampling populations, host species 
groups, country of origin) (Table 2). Roughly the same amount of molecular variance resides 
within sampling populations (73 %) and host sampling groups (77 %) within, while (27 %) 
and (23 %) among the denoted groups. When variance is observed on the levels of countries 
of origin, (80 %) resides within and (20 %) among the countries.  
Table 2: Hierarchical analysis of molecular variance (AMOVA) of Dothistroma septosporum populations, 
grouped by country of origin, host species and populations. 
Preglednica 2: Hierarhična analiza molekularne variance (AMOVA) populacij Dothistroma septosporum, 












total variation p-value 
Among populations 6 71.04 11.84 0.97 27 % 0.001 
Within populations 64 167.42 2.62 2.62 73 %  
Total 70 238.47  3.59 100 %  
       
Among host species 
groups 2 43.64 21.82 0.85 23 % 0.001 
Within host species 
groups 68 194.83 2.87 2.87 77 %  
Total 70 238.47  3.72 100 %  
       
Among countries 2 39.18 19.59 0.73 20 % 0.001 
Within countries 68 199.29 2.93 2.93 80 %  
Total 70 238.47  3.66 100 %  
 
5.4.2 Lecanosticta acicola 
 
In the Lecanosticta acicola STRUCTURE analyses, both clustering methods supported two 
clusters (ΔK = 2) as the most optimal scenario (Figure 25). Both clusters were more or less 
equally represented in all analyzed individuals. Furthermore, STRUCTURE was 
unsuccessful in revealing any differentiation between the analyzed populations in all tested 
K scenarios. 
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Figure 25. Structure analysis of Lecanosticta acicola populations from Slovenia and Croatia. (a) 
STRUCTURE bar plots representing ΔK = 2 to ΔK = 5 Bayesian analysis scenarios. The percentage on the 
right represents the symmetric similarity coefficient (SSC) among outcomes of all 30 independent 
STRUCTURE runs. (b) Delineated results of Evanno et al. (2005) (left) and Puechmaille (2016) (right) 
methods for determining optimal number of K. 
Slika 25. Rezultati analize populacijske strukture populacij Lecanosticta acicola. (a) STRUCTURE ploskev 
predstavljajo K = 2 do K = 5, pridobljene iz Bayesove analize vzorcev L. acicola, zbranih iz Slovenije in 
Hrvaške. Odstotek na desni predstavlja delež neodvisnih korakov STRUCTURE (skupaj 30), ki ustrezajo 
značilno podobnemu vzorcu združevanja (SSC> 0.9). (b) Prikazani rezultati Evanno (Evanno et al., 2005) 
(levo) in Puechmaille (Puechmaille, 2016) (desno) metode za določitev optimalnega števila K. 
 
The discriminant analysis of principal components (DAPC) reflected a significant 
differentiation of L. acicola individuals collected from Tolmin and Kožino from all other 
populations, and grouped populations from Bled, Ljubljana, Čatež and two individuals from 
Trenta into a single cluster, (Figure 26). The first five retained principal components 
accounted for 85.7 % of the total variance observed. 
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Figure 26. Population structure of the Slovenian and Croatian Lecanosticta acicola isolates. (a) Composition 
of the inferred clusters from discriminant analysis of principal components (DAPC); rows correspond to 
inferred clusters, while columns correspond to sampled populations; size of squares is proportional to the 
number of clustered individuals. (b) Scatterplot of the DAPC analysis; the first two eigenvalues (top left 
corner) from discriminant analyses (DA) correspond to the horizontal and vertical axes. Shapes correspond to 
the host species.  
Slika 26. Populacijska struktura slovenskih in hrvaških izolatov Lecanosticta acicola. (a) Sestava skupin 
sklenjeni iz diskriminacijske analize glavnih komponent (DAPC), z vrsticami ki ustrezajo ugotovljenim 
skupinam, dokler stolpci ustrezajo vzorčenim populacijam; velikost kvadratov v zgornji legendi je 
sorazmerna s številom izolatov, ki sestavljajo DAPC skupine. (b) Graf raztrosa DAPC analize; Prvi dve 
eigen-vrednosti diskriminantne analize (DA) (označene v spodnjem desnem kotu) ustrezata horizontalni in 
vertikalni osi. Oblike oznak ustrezajo gostiteljskim vrstam, iz katerih so bili pridobljeni izolati.  
A slightly lower percentage of molecular variance was observed among populations (49 %) 
than within L. acicola populations (51 %). Similar levels of molecular variance were found 
when isolates were grouped to the host species groups, with 56 % of total molecular variance 
residing within host species groups and 44 % of variance residing among these groups 
(Table 3). 
Table 3: Hierarchical analysis of molecular variance (AMOVA) of Lecanosticta acicola populations, 
grouped by host species and populations. 
Preglednica 3: Hierarhična analiza molekularne variance (AMOVA) populacij Lecanosticta acicola, 
razvrščenih po gostiteljskih vrstah in po populacijah. 








total variation p-value 
Among populations 5 20.09 4.02 0.90 49 % 0.001 
 
 
Within populations 15 14.15 0.94 0.94 51 % 
Total 20 34.24  1.84 100 % 
       
Among host species groups 2 11.76 5.88 0.99 44 % 0.001 
 
Within host species groups 18 22.49 1.25 1.25 56 % 
Total 20 34.24  2.24 100 % 
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5.5 GENETIC DIVERSITY 
 
5.5.1 Dothistroma septosporum 
 
All populations had relatively high haplotypic diversity, ranging from 0.571 in Tara, to 0.938 
in Stara Planina, which also displayed the highest gene diversity of 0.609. The lowest gene 
diversity of 0.314 was found in Trenta (Table 4). Clonal fractions were relatively low in all 
populations, except in Pivka (0.62) and Tara (0.71). Allelic richness did not differ 
significantly between all populations and ranged from AR=1.55 in Ljubljana to AR=1.97 in 
Stara Planina. However, private allelic richness ranged from PAR=0.23 in Pivka, to 
PAR=1.03 in Kožino. 
 
Table 4: Number of haplotypes, genetic diversity values, allelic richness and private allelic richness of 
Dothistroma septosporum populations of Slovenia, Serbia and Croatia. 
Preglednica 4: Število haplotipov, vrednosti genetske raznolikosti, alelno bogastvo in zasebno alelno 
bogastvo populacij Dothistroma septosporum Slovenije, Srbije in Hrvaške. 







Trenta 19 15 0.21 0.95 0.31 2.17±(0.35) 0.51±(0.22) 
Celje 11 6 0.46 0.83 0.46 2.40±(0.32) 0.34±(0.13) 
Pivka 21 8 0.62 0.72 0.44 2.65±(0.39) 0.23±(0.10) 
Ljubljana 4 3 0.25 0.83 0.35 1.73±(0.27) 0.28±(0.13) 
Stara Planina 28 16 0.43 0.94 0.61 3.45±(0.47) 0.37±(0.14) 
Tara 7 2 0.71 0.57 0.40 1.64±(0.15) 0.40±(0.15) 
Kožino 28 19 0.32 0.93 0.53 2.90±(0.31) 1.03±(0.23) 
aNumber of individuals belonging to each population. 
bNumber of unique multilocus haplotypes. 
cCalculated in FSTAT v. 2.9.3 (Goudet, 2002). 
dClonal fraction = 1 - [(number of unique haplotypes)/(number of isolates)]. 
eCalculated in MULTILOCUS v. 1.3b (Agapow and Burt, 2001). 
fAllelic richness ± standard error (Szpiech et al., 2008). 
gPrivate allelic richness ± standard error (Szpiech et al., 2008). 
FST and Da reflected moderate to low genetic distance between certain locations, with Trenta 
and Kožino populations being most divergent from all other populations (Table 5). 
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Table 5: Genetic distances (FST, Da) between pairs of genetically defined clusters of Dothistroma 
septosporum populations estimated in GENALEX v. 6.5. 
Preglednica 5: Genetske razdalje (FST, Da) med pari genetsko določenih skupin populacij Dothistroma 




Trenta Celje Pivka Ljubljana Stara 
Planina 
Tara Kožino 
Trenta - 0.48 0.47 0.52 0.30 0.48 0.42 
Celje 0.64 - 0.20 0.14 0.19 0.34 0.36 
Pivka 0.64 0.24 - 0.15 0.24 0.35 0.37 
Ljubljana 0.65 0.21 0.20 - 0.22 0.40 0.38 
Stara Planina 0.41 0.32 0.37 0.42 - 0.18 0.27 
Tara 0.59 0.47 0.49 0.54 0.32 - 0.36 
Kožino 0.68 0.67 0.69 0.74 0.53 0.67 - 
*Values of Da are positioned below the diagonal, while FST is above the diagonal. 
 
5.5.2 Lecanosticta acicola 
 
All Lecanosticta acicola isolates from Tolmin composed Cluster A, containing no diversity 
and displaying a clonal fraction of 0.92 (Table 6). The highest haplotypic diversity (0.96) 
and gene diversity (0.52) was observed in Cluster C, which also contained the most 
haplotypes (nMLH=12) with a clonal fraction of 0.27. Cluster B and D displayed similar 
diversity indexes with low gene diversity (0.23 and 0.20) and haplotypic diversity (0.433 
and 0.55). The allelic richness and private allelic richness did not greatly deviate among the 
analyzed populations ranging from AR=1.2, PAR=0.36 in Cluster B, to AR=1.60 and 
PAR=0.45 in Cluster C.  
 
Table 6: Number of haplotypes, genetic diversity values, allelic richness and private allelic richness of 
Lecanosticta acicola population clusters in the studied region. 
Preglednica 6: Število haplotipov, vrednosti genetske pestrosti, alelno bogastvo in zasebno alelno bogastvo 
populacij Lecanosticta acicola v raziskovanem območju. 






A 12 1 0.92 0.00 0.00 NA NA 
B 16 3 0.81 0.11 0.43 1.20 ± (0.13) 0.38 ± (0.19) 
C 15 12 0.27 0.43 0.97 1.49 ± (0.19) 0.52 ± (0.28) 
D 26 4 0.85 0.10 0.55 1.30 ± (0.17) 0.54 ± (0.20) 
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aNumber of individuals belonging to each cluster. 
bNumber of unique multilocus haplotypes. 
cCalculated in FSTAT v. 2.9.3 (Goudet, 2002). 
dClonal fraction = 1 - [(number of unique haplotypes)/(number of isolates)]. 
eCalculated in MULTILOCUS v. 1.3b (Agapow and Burt, 2001). 
fAllelic richness ± standard error (Szpiech et al., 2008). 
gPrivate allelic richness ± standard error (Szpiech et al., 2008). 
Analysis of FST and Da genetic distances (Table 7) revealed moderate to a high divergence 
between all clusters with a low amount of gene flow among them. The two geographically 
closest genetic clusters A and B displayed the highest pairwise divergence (Da =0.66, FST 
=0.89). 
Table 7: Genetic distances (FST, Da) between pairs of genetically defined clusters of Lecanosticta acicola 
populations estimated in GENALEX v. 6.5. 
Preglednica 7: Genetske razdalje (FST, Da) med pari genetsko določenih skupin populacij Lecanosticta 
acicola, izračunano v GENALEX v. 6.5. 
 Cluster A Cluster B Cluster C Cluster D 
Cluster A - 0.89 0.51 0.83 
Cluster B 0.67 - 0.41 0.80 
Cluster C 0.31 0.25 - 0.48 
Cluster D 0.35 0.66 0.37 - 
Values of Da are positioned below the diagonal, while FST is above the diagonal. 
5.6 Dothistroma septosporum MIGRATION ANALYSIS 
 
Analyses of migration of D. septosporum populations revealed that the gene flow is higher 
and more frequent between Slovenian and Serbian populations than with Croatian. The 
average number of migrants per generation per population (Θ) varied from 0,00523 in 
Kožino to 0,0959 in Tara (Table 8). 
Table 8: Population estimates of mutation-scaled immigration rates (M = m/l) and theta (Θ) between pairs of 
populations of Dothistroma septosporum in the studied region estimated in MIGRATE-n. 
Preglednica 8: Populacijske ocene mutacijsko-zmanjšanih stopenj priseljevanja (M = m / l) in theta (Θ) med 
pari populacij Dothistroma septosporum v preučevanem območju, ocenjene v MIGRATE-n. 
Donor\reciving 
populationsa Trenta Celje Pivka Ljubljana 
Stara 
Planina Tara Kožino Tetha 
Trenta - 18.33 185.00 798.33 17.67 99.00 174.33 0.00657 
Celje 256.33 - 195.67 437.00 225.67 17.67 77.67 0.09583 
Pivka 10.33 182.33 - 426.33 67.67 27.00 14.33 0.09463 
Ljubljana 281.67 653.67 9.00 - 487.00 36.33 386.33 0.09317 
Stara Planina 232.33 19.00 40.33 586.33 - 39.00 36.33 0.09523 
Tara 67.00 13.00 66.33 217.00 44.33 - 16.33 0.09590 
Kožino 269.67 61.67 41.67 95.00 73.67 200.33 - 0.00523 
Sadiković D. Population structure of causal agents of red band and brown spot needle blight of pines in … Europe. 
    Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2020 
59 
 
Significant migration was considered to have occurred only when values were equal or above the arithmetic 
average of the analyzed populations (indicated in bold) 
aDonor populations are represented on the left while receiving populations are on top. 
 
The Migrate-n analysis placed Ljubljana and Celje as the largest donor populations, and 
Trenta and Ljubljana as the largest sink populations. When observing levels of migrations 
among the three analyzed countries, the analysis detected gene flow only between Slovenian 
and Serbian populations. Theta values did not vary significantly (Table 9).  
 
Table 9: Population estimates of mutation-scaled immigration rates (M = m/l) and theta (Θ) between pairs of 
populations of Dothistroma septosporum in the studied region when countries are considered as single 
populations, estimated in MIGRATE-n. 
Preglednica 9: Populacijske ocene mutacijsko zmanjšanih stopenj priseljevanja (M = m / l) in theta (Θ) med 
pari populacij Dothistroma septosporum v raziskanem območju, ko se države obravnavajo kot posamezne 
populacije, ocenjene v MIGRATE-n. 
Donor\reciving 
populationsa 
Slovenia Serbia Croatia Tetha 
Slovenia - 101.67 19.67 0.09603 
Serbia 280.33 - 13.67 0.09637 
Croatia 17.00 10.33 - 0.09657 
Only when values were equal or above the arithmetic average of the analyzed populations (indicated in bold), 
was significant migration considered to have occurred 
aDonor populations are represented on the left while receiving populations are on top. 
 
5.7 MATING TYPES AND MODE OF REPRODUCTION 
 
5.7.1 Dothistroma septosporum 
 
The mating type idiomorphs were successfully amplified for 113 of the 118 Dothistroma 
septosporum isolates. Apart from Tara, all populations were composed of both MAT1-1 (820 
bp), and MAT1-2 (480 bp) mating type individuals (Table 10). The ratio of MAT1-1 to 
MAT1-2, viewed on the entire population, was 53:60. The Kožino population deviated from 
a 1:1 ratio of random mating (P=0.013), with the MAT 2 being significantly more 
represented. 
Linkage disequilibrium was observed in all non-clone-corrected populations indicating the 
absence of recombination (Table 10). However, values of LD were significantly lower in 
the clone-corrected dataset, apart from the two populations with significantly low sample 
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size. In PTLPT analysis, the null hypothesis of sexual recombination could not be refuted in 
most of the analyzed populations, both datasets.  
 
 
Table 10: Mating types and results of random mating tests of Dothistroma septosporum populations in the 
studied region. 
Preglednica 10: Paritveni tipi in rezultati naključnega parjenja testov populacij Dothistroma septosporum v 
preučevanem območju. 

















Trenta 19 13/6 9.5 0.17 0.40 0.07 32 (6) 29 0.39 0.07 32 (8) 27 
Celje 11 3/7 5 0.34 1.67 0.21 27 (1) 26 0.63 0.08 27 (1) 25 
Pivka 21 13/6 9.5 0.17 3.41 0.44 33 (3) 56 1.26 0.16 33 (2) 34 
Ljubljana 4 2/1 1.5 1.00 2.55 0.65 11 11 2.55 0.65 NA NA 
Stara Planina 28 15/12 13.5 0.70 1.12 0.14 63 (3) 104 0.55 0.07 63 (1) 72 
Tara 7 0/7 3.5 0.01 6.00 1.00 15 20 6.00 1.00 NA NA 
Kožino 28 7/21 14 0.01 0.82 0.09 62 (1) 81 0.31 0.03 64 (6) 65 
Statistically significant values are highlighted in bold (P < 0.05). NA, not available for analysis because of 
limited sample sizes. 
*Mating type departs from the null hypothesis of a 1:1 ratio at P < 0.05 
aNumber of individuals belonging to each cluster. 
bRatio of mating type idiomorphs; numeral in brackets indicates the number of isolates that failed during 
PCR amplifications. 
cValues of index of association IA and r̅d obtained after 1000 randomizations in MULTILOCUS v. 1.3b. 
dThe observed length of the tree used in PTLPT, generated in PAUP v. 4.0b10 (Swofford, 2003) 
eThe most parsimonious PAUP tree found after 1.000 randomizations in MULTILOCUS v. 1.3b. 
 
5.7.2 Dothistroma pini 
 
Mating type amplifications were successful for all thirty-seven Dothistroma pini isolates. 
All isolates demonstrated only MAT1-2 (480bp) mating type idiomorph. As the entire 
population demonstrated a single mating type, tests for sexual recombination could not be 
conducted.  
5.7.1 Lecanosticta acicola 
 
Fifty-five of sixty-nine isolates were successfully amplified for mating type idiomorphs 
(Table 11). Both mating types (MAT1-1 and MAT1-2) were observed among the tested 
Sadiković D. Population structure of causal agents of red band and brown spot needle blight of pines in … Europe. 
    Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2020 
61 
 
isolates, however, none of the populations contained both mating type individuals. MAT1-1 
(560 bp) was found in Tolmin, Ljubljana and Čatež (Slovenia). Mating type MAT1-2 (288 
bp) was detected in Trenta and Bled (Slovenia) and Kožino (Croatia).  
Using the measure of IA, r̅d, and the PTLPT, the non-random mating hypothesis could not 
be refuted in clusters B, C and D in both non-clone corrected and clone-corrected datasets 
(Table 11). Cluster A was excluded from the analyses as it was represented by a single 
multilocus haplotype. 
Table 111: Mating types and results of random mating tests of Lecanosticta acicola population clusters in 
Southeastern and Central Europe. 
Preglednica 11: Paritveni tipi in rezultati naključnega parjenja testov populacij Lecanosticta acicola v 
regionu Jugovzhodne in Centralne Evrope. 













A 12 12/0 NA NA NA NA NA NA NA NA 
B 16 0/14 (2) 0.51 0.52 2 2 -0.50 -0.50 NA NA 
C 15 5/2 (8) 0.23 0.06 19 18 0.13 0.04 18 17 
D 26 0/23 (3) -0.14 -0.14 4 4 -0.43 -0.45 NA NA 
Statistically significant values are highlighted in bold (P < 0.05). NA, not available for analysis because of 
limited sample sizes. 
aNumber of individuals belonging to each cluster. 
bRatio of mating type idiomorphs; numeral in brackets indicates the number of isolates that failed during 
PCR amplifications. 
cValues of index of association IA and r̅d obtained after 1000 randomizations in MULTILOCUS v. 1.3b. 
dThe observed length of the tree used in PTLPT, generated in PAUP v. 4.0b10 (Swofford, 2003) 
eThe most parsimonious PAUP tree found after 1.000 randomizations in MULTILOCUS v. 1.3b. 
 
5.8 MORPHOMETRY ANALYSIS OF Lecanosticta acicola CONIDIA 
 
In total, 750 Lecanosticta acicola conidia of 25 isolates were measured. Conidia were 
variable in form, straight to slightly curved in shape and usually tapering at the ends, olive-
green to brown, of verrucose surface, with one to three septae (up to four segments) (Figure 
12). The mean length of conidia was 32 µm (ranging from 14.80–55.80 µm; n=750), with a 
mean width of 4 µm (ranging from 1.90–6.60 µm; n=750). The population from Ljubljana 
had the longest measured conidia (37 µm; n=90), while conidia obtained from the Trenta 
population were the widest (4.40 µm; n=150) (Table 12). 
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Table 12: Lengths and widths (µm) of Lecanosticta acicola conidia of isolates obtained from six locations in 
Slovenia and Croatia, grown on Dothistroma sporulating media. 
Preglednica 12: Dolžina in širina (µm) konidijev Lecanosticta acicola iz izolatov, pridobljenih iz šestih 
lokacij v Sloveniji in na Hrvaškem (gojišče DSM). 
Locations 
length (µm) Tolmin Trenta Čatež Ljubljana Bled Kožino 
Mean±SE 31.09±0.7 25.58±0.4 30.80±0.7 37.11±0.6 35.90±1.01 31.43±0.5 
Median 29.81 25.18 29.63 36.75 33.99 31.27 
Std. Deviation 8.77 5.00 8.73 6.09 7.87 6.40 
Minimum 15.61 15.85 15.51 22.32 24.18 14.79 
Maximum 54.37 45.47 53.29 53.56 55.79 47.76 
Locations 
width (µm) Tolmin Trenta Čatež Ljubljana Bled Kožino 
Mean±SE 3.99±0.04 4.42±0.05 4.01±0.05 4.07±0.05 3.81±0.06 3.71±0.04 
Median 3.95 4.29 3.92 4.06 3.80 3.71 
Std. Deviation 0.57 0.69 0.70 0.55 0.49 0.60 
Minimum 2.65 2.90 2.46 3.10 2.94 1.90 
Maximum 5.56 6.65 6.40 5.37 4.85 5.88 
 
Conidia of L. acicola were longest when isolated from Pinus halepensis (31.4 µm), while the 
widest conidia were obtained from P. mugo isolates (4.1 µm) (Table 13). 
Table 13: Lengths and widths (µm) of Lecanosticta acicola conidia of isolates obtained from three pine hosts 
in Slovenia and Croatia, grown on Dothistroma sporulating media. 
Preglednica 13: Dolžina in širina (µm) konidievj Lecanosticta acicola iz izolatov, pridobljenih iz treh 
borovih gostiteljev v Sloveniji in na Hrvaškem (gojišče DSM). 
Hosts length (µm) P. nigra P. mugo P. halepensis 
Mean±SE 31.09±0.72 31.01±0.39 31.43±0.52 
Median 29.81 29.81 29.81 
Std. Deviation 25.18 25.18 25.18 
Minimum 29.63 29.63 29.63 
Maximum 54.37 55.79 47.76  
Hosts width (µm) P. nigra P. mugo P. halepensis 
Mean±SE 3.991±0.04 4.13±0.03 3.713±0.04 
Median 3.95 4.809 3.65 
Std. Deviation 0.57 0.68 0.60 
Minimum 2.65 2.46 1.90 
Maximum 5.57 6.65 5.88 
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When regarding differences in length and width in relation to the location of examined 
isolates, a positive correlation has been observed (P<0.0005) (Table 14). 
Table 14: Results of one-way ANOVA when conidia dimensions were analyzed against locations of obtained 
Lecanosticta acicola isolates, performed in SPSS for Windows, version 22. 
Preglednica 14: Rezultati enosmerne ANOVA, dimenzije konidijev glede na lokacije pridobljenih izolatov 
Lecanosticta acicola (SPSS za Windows, verzija 22). 
  Sum of Squares df 
Mean 
Square F Sig. 
Length Between locations 9230.95 5 1846.19 34.68 0 
 Within locations 39603.77 744 53.23   
 Total 48834.72 749    
Width Between locations 40.71 5 8.14 21.24 0 
 Within locations 285.24 744 0.38   
 Total 325.95 749    
 
However, after the LSD post hoc test, the correlation between the conidial dimensions and 
sampling location was statistically significant only in a certain population (Table 15). 
Table 15: Significance of one-way ANOVA when regarding conidial dimensions and sampling locations of 
Lecanosticta acicola according to the least significant difference (LSD) post-hoc test using SPSS for 
Windows, version 22. 
Preglednica 15: Test ANOVA; dimenzije konidijev glede na mesto vzorčenja Lecanosticta acicola po 
izvedenem post-hoc testu z najmanj pomembno razliko (LSD) z uporabo SPSS za Windows, verzija 22. 
LSD Tolmin Trenta Čatež Ljubljana Bled Kožino 
Tolmin - *** 0.85 0.32 0.06 *** 
Trenta *** - *** *** *** *** 
Čatež 0.73 *** - 0.41 0.04 *** 
Ljubljana *** *** *** - 0.01 *** 
Bled *** *** *** 0.32 - 0.31 
Kožino 0.69 *** 0.46 *** *** - 
Tests for conidia lengths are positioned bellow the diagonal, while conidia widths are above 
***Statistically significant values of P<0.0005 
Regarding differences in length and width in relation to the host, from which the analyzed 
isolates have been obtained, a positive correlation has been observed in both the length and 
width of the conidia. However, after the LSD post hoc test, only the correlation between the 
width of conidia and host species has proved to be statistically significant and present in all 
three hosts. (P<0.05) (Table 16). 
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Table 16: Results of one-way ANOVA when conidial dimensions were analyzed against pine host species 
from which analyzed Lecanosticta acicola isolates were obtained, performed in SPSS for Windows, version 
22. 
Preglednica 16: Rezultati enosmerne ANOVA: dimenzije konidijev glede na gostitelje pridobljenih izolatov 
Lecanosticta acicola (SPSS za Windows, verzija 22.). 
 




Between hosts 20.07 2.00 10.04 0.15 0.86 
Within hosts 48814.64 747.00 65.35   
Total 48834.72 749.00    
       
Width 
Between hosts 19.64 2.00 9.82 23.95 0.00 
Within hosts 306.31 747.00 0.41   
Total 325.95 749.00    
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6 DISCUSSION  
 
In the present study, we have investigated phylogenetic relationships, genetic diversity, 
population structure, and modes of reproduction of the Lecanosticta acicola, Dothistroma 
septosporum and D. pini pine pathogen populations in Central and Southeastern Europe. In 
total, 224 single-spored isolates, obtained from infected Pinus nigra, P. mugo and P. 
halepensis trees situated in nine locations in Slovenia, Croatia and Serbia were analyzed. 
According to both phylogenetic and microsatellite analyses, the Croatian D. septosporum 
population is genetically isolated from Slovenia and Serbia, who grouped together in all 
analyses and displayed high amounts of gene flow among them. High genetic diversity was 
observed in most of the populations, indicating long-term presence. The existence of clones, 
low amounts of linkage disequilibrium, presence and equal distribution of both mating type 
idiomorphs, the abundance of haplotypes suggest that both sexual and asexual reproduction 
have a significant role in the genetic structure of D. septosporum populations in the studied 
region. Studied Slovenian D. pini isolates displayed clonality and low genetic diversity, 
likely as a consequence of a recent introduction from the same source. Phylogenetically, 
Slovenian D. pini populations were identical to isolates originating from Northern USA. 
Croatian and Slovenian L. acicola populations formed separate but related phylogenetic 
lineages, while Slovenian isolates were observed to share a common ancestry with 
individuals from Central and Northern Europe. Based on microsatellite analysis, four distinct 
genetic clusters were observed in Slovenia and Croatia, generally corresponding to their 
respective geographic location and hosts. Clear population structure and low to no gene flow 
between the L. acicola population clusters indicate multiple introduction sources. The 
unequal ratio of mating types, low haplotype count, and a low overall genetic diversity in 
the population indicated asexual reproduction. All analyses suggest that analyzed Croatian 
L. acicola populations do not represent the source of infection and spread of the BSNB in 
Slovenia.  
Dothistroma septosporum, one of the causal agents of Dothistroma needle blight, is today a 
widely present pine pathogen species in Slovenia, Serbia and Croatia. Several molecular-
based studies, performed on D. septosporum populations during this decade, suggest high 
genetic diversity, sexual reproduction and constant geographical and host range expansion 
of this pathogen throughout Europe (Barnes et al., 2011; Drenkhan et al., 2012; Tomšovský 
et al., 2013; Barnes et al., 2014a, 2014b; Mullett et al., 2015; Drenkhan et al., 2016; Mullett 
et al., 2016; Mullett et al., 2018). Results gathered in this study, from analyses of several 
known locations with evident infected trees, all indicate that Serbian and Slovenian D. 
septosporum populations are closely related and that they are a part of a larger D. 
septosporum population. Phylogenetically, D. septosporum populations of Slovenia and 
Serbia grouped with isolates originating from Central and Southern European countries, 
while Croatian isolates represent a novel EF1-α D. septosporum haplotype and stand as a 
separate clade. The second novel EF1-α D. septosporum haplotype was found in D. 
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septosporum population in Celje, Slovenia. Population structure analyses revealed that most 
of the Slovenian and Serbian isolates form a joined genetic cluster, with most of the gene 
flow observed between these two countries. Populations from Trenta and Croatia formed 
their separate clusters. All results indicate to a large genetic “super-cluster” being present in 
D. septosporum populations situated in the ancient Pannonian basin. Most of the analyzed 
D. septosporum populations displayed very high overall genetic diversity, indicating the 
possible long-term presence of the pathogen in the analyzed region. 
Phylogenetically, Slovenian D. pini isolates grouped with isolates from Northern USA. 
Microsatellite analyses revealed that Slovenian D. pini populations were almost entirely 
clonal and lack a population structure. Single observed phylogenetic lineage, very low 
genetic diversity, and the presence of a single mating type indicate a recent introduction of 
this pathogen, most likely from a single source. During the time of the sampling process 
performed for the purposes of this dissertation, Pivka was the only known large population 
of D. pini in Slovenia. However, continuous surveys performed by the Slovenian Forestry 
Institute have shown that this causal agent of DNB has become more frequent in Slovenia 
and that its range might be expanding (Piškur B., personal communications). 
Analyzed L. acicola populations revealed that the Slovenian and Croatian isolates group 
with isolates obtained from Central and Northern Europe, however, the Croatian population 
contains a novel and unique EF1-α haplotype and are most likely not the source of recent 
BSNB outbreaks in Slovenia. Observed results support the previously proposed theory that 
a common unknown North American population was the source of L. acicola infections in 
Central and Northern Europe. Population structure analysis divided isolates into four genetic 
clusters, generally following their geographic distribution. These clearly defined genetic 
clusters with low gene flow, low genetic diversity, a small number of haplotypes, and an 
uneven distribution of mating types reflected human-mediated dispersal of the pathogen and 
suggest that asexual reproduction as the prevailing mode of propagation. Morphometric 
analysis failed to reveal any relationship between morphological and genetic characteristics 
of L. acicola populations in the analyzed region. 
6.1 Dothistroma septosporum 
 
In total, four different EF1-α Dothistroma septosporum haplotypes were observed during 
the present study, from which two were novel. The first novel haplotype (EF1-α Haplotype 
2) was exclusive to the entire Croatian population. The second novel haplotype (EF1-α 
Haplotype 3) was observed in Celje, Slovenia. In the analysis of the EF1-α gene region, 
Croatia formed a subclade within the clade constituted by Serbian and Slovenian isolates. 
Phylogenetic analysis of the βT2 gene region positioned isolates representing Slovenia and 
Serbia mostly with isolates obtained from Central and Southern European countries, while 
Croatian isolates grouped with isolates originating mostly from the Southern Hemisphere 
and from Oregon, USA. Phylogenetic analysis of the ITS gene region was uninformative as 
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no discrepancies were found across all tested populations. All intaxa sequences formed one 
clade, which was heavily supported by all three optimality criteria. All sequenced individuals 
belonged to the Ds_HAP.1 haplotype, the most frequent among four ITS D. septosporum 
haplotypes characterized by Barnes et al, (2016). 
The observed discrepancies between the EF1-α and βT2 gene regions prevent the 
delimitation of clear D. septosporum lineages among tested populations. However, the 
results of phylogenetic analysis align with the results from clustering analyses, which 
indicate to the common ancestry of Slovenian and Serbian isolates. In both EF1-α and βT2 
analyses, Slovenian and Serbian isolates shared identical sequences and were positioned in 
the same lineage. Furthermore, in all analyses, Serbian and Slovenian isolates were grouped 
with isolates from neighboring Central Europe, indicating a shared ancestry or gene flow 
among these D. septosporum populations. Populations of D. septosporum spanning vast 
areas, based on clustering and phylogenetic analyses, had already been observed in Europe 
(Barnes et al., 2004; Barnes et al., 2014b; Adamson et al., 2018), and based on present 
findings, Slovenia and Serbia appear to be a part of it. Croatian population formed a different 
lineage to Serbia and Slovenia and was represented with a novel haplotype. As this topology 
is also supported by the results of both microsatellite clustering analyses, where the Croatian 
population cluster is the most divergent from all analyzed populations, these infections may 
originate from a different source. The lack of gene flow between Croatia and Slovenia and 
Serbia could also be a result of the geographic isolation of the Kožino sampling site, which 
is situated between the Dinaric Alps mountain range and the Adriatic Sea.  
Population analyses suggested that D. septosporum populations in Slovenia, Croatia, and 
Serbia are divided between three and seven, genetically diverse clusters. However, the 
majority of genetic admixture was observed between Serbian and most of the Slovenian 
populations. This implies that D. septosporum populations in Kožino (Croatia) and Trenta 
(Slovenia) are genetically divergent from the rest of the populations, while the rest of the 
populations are represented by a single large genetic group. Low genetic differentiation 
among groups of European D. septosporum populations was likewise observed by Drenkhan 
et al. (2012) and Mullett et al. (2015), indicating gene flow and sexual proliferation.  
Large D. septosporum genetic “super-clusters” spanning over vast areas and encompassing 
several sampling locations and countries have already been observed in Europe. Populations 
from Austria, Hungary, Poland, the Czech Republic, Slovakia, and Romania constituted a 
single large cluster found on planted P. nigra throughout these countries (Barnes et al., 
2014b). Naturally occurring D. septosporum migrations, as well as the facilitated movement 
of infected plant material between adjoining countries with open borders, have resulted in 
the spreading of certain D. septosporum genetic groups over great areas in Europe 
(Tomšovsky et al., 2013; Barnes et al., 2014b). Likewise, Adamson et al., (2018) found only 
three genetic clusters to be represented in D. septosporum populations originating from 10 
European countries. Furthermore, a global population study revealed that large clusters of 
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D. septosporum exist outside of Europe, where analyzed African, South American, and 
Australasian isolates are represented by only two genetic clusters (Barnes et al., 2014b). 
D. septosporum has been present in Trenta for at least five years, possibly longer. It has 
originally been detected in 2013 on P. mugo and today it thrives on both P. mugo and P. 
nigra along the basin of the river Soča. The Trenta population was clearly defined and 
separated from all other populations in both clustering analyses. This population displayed 
the highest private allelic richness from all analyzed Slovenian populations. Trenta 
population also displayed the highest haplotypic diversity, presence of both mating types, 
and the lowest clonal fraction. Considering the observed overall high genetic diversity, the 
disease could have likely been present in the Julian Alps longer than six years. All of these 
traits are typical for a sexually reproducing population (Zhan, 2009) and are supported by 
the low LD values and the fact that most of the proliferation tests indicate the presence of 
sexual reproduction in this population. However, it should be noted that microscopic 
inspection of shed needles, the most likely place to find the sexual state of the D. 
septosporum, has failed to detect ascocarps or ascospores on multiple occasions during a 
three-year survey.  
Pivka population had the second-highest clonal fraction and displayed two dominant 
haplotype groups. These two genetic groups are represented in more than two-thirds of all 
samples present (78.95 %) and are present in samples collected in two consecutive years. 
Under certain environmental pressures, certain lineages of phytopathogens can become 
dominant in a population, usually through the means of asexual reproduction. An example 
for this occurrence can be observed in the shift of Phytophthora infestans (Mont.) de Bary 
population structure in Great Britain, where the A1 pathogen lineage has gone from 10 % in 
2004, to become the dominant haplotype in 2006, making up to 70 % of investigated 
populations (Cooke et al., 2008). As a result of high representation of the dominant MLH in 
Pivka, this population displayed clonal fraction over 50 % and high and statistically 
significant values of LD which both indicate to effects of asexual reproduction on the 
population structure. 
D. septosporum isolates obtained from Kožino (Croatia) were marked out as a separate 
genetic group from all other isolates in both STRUCTURE and DAPC analyses. The Kožino 
population holds the second-highest allelic richness, but by far the highest private allelic 
richness. By comparison Trenta, a population of similar sample size, displayed half the 
Kožino private allelic richness. While allelic richness is regarded as a measure of genetic 
diversity and an indicator of evolutionary fitness (Greenbaum et al., 2014), private allelic 
richness can be considered as a measure of population distinctiveness (Kalinowski, 2004). 
DNB has been present in Croatia since 1963 (Milatović, 1976) and has become widespread 
in Croatia since. However, it remains uncertain when and from where was D. septosporum 
originally introduced to Kožino, as most of the reports come from the continental part of the 
country and Istria (Milatović, 1976; Diminić, 2001). The first report of D. septosporum in 
Kožino comes from 2010 (Pernek et al., 2012), as a part of the disease survey in Croatia. It 
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is though evident, from the present results, that the high levels of genetic diversity observed 
in Kožino are not typically seen in newly founded populations of D. septosporum, for 
example, ones observed in Chile and Ecuador (Barnes et al., 2014b). Furthermore, the 
population structure analysis point that the Kožino D. septosporum population represents a 
distinct genetic cluster, which is divergent from all other analyzed populations. The same 
conclusion can be reached from the results of the phylogenetic analysis of the Croatian 
population, which was never grouped with Slovenian or Serbian isolates. It is therefore likely 
that the Kožino D. septosporum population originates from a different source, yet to be 
identified. 
The D. septosporum population from Tara Mountain displayed high values of private allelic 
richness and low migration rates with the other analyzed populations in the migration 
analysis. Though Dothistroma needle blight has been present in Western Serbia since the 
1980s (Karadžić, 1988), the infection levels observed during this survey were low (personal 
observations). Only four trees with pronounced DNB infection symptoms suitable for 
isolation were observed during the present survey. D. septosporum individuals isolated from 
this area were obtained from P. nigra subsp. nigra var. nigra (syn. Pinus nigra var. 
austriaca), which is native and prevalent in this area. P. nigra subsp. nigra var. nigra 
originating from this region is known to be less susceptible to DNB infections. Peterson and 
Read (1971) performed a DNB resistance study of 5-6 year P. nigra trees originating from 
21 regions found in Yugoslavia, Austria, Greece, Turkey, Crimea, Corsica, and Spain. 
Although different provenances displayed varying levels of susceptibility, P. nigra trees 
originating from Tara showed a universally high degree of resistance to DNB infections. 
Wheeler et al. (1976) tested the overall 15-year performance of P. nigra trees collected from 
24 native strands in Europe and concluded that trees originating from this region of Serbia 
possess the highest resistance levels to the Dothistroma needle blight infections. Due to the 
limited sample size of the D. septosporum population analyzed during this study it is 
impossible to say if the low infection levels observed in Western Serbia are the result of the 
long-term presence of DNB in this area, or are they the consequence of climatic conditions 
or some other unforeseen circumstances. Nevertheless, this is a matter worth further 
investigation as all population studies performed during the last decade indicate that D. 
septosporum might be present on the European continent longer than previously thought. A 
recent global population study observed high genetic diversity and unique genetic patterns 
in D. septosporum populations from Eastern Serbia (Adamson et al., 2018), consisting with 
the long-term presence of the pathogen in this region of Europe. 
The presence of clones in all the tested populations points to the conclusion that asexual 
reproduction plays a significant role in the genetic structure of D. septosporum populations 
in the studied areas of Southern Europe. However, the observed low rates of linkage 
disequilibrium, high haplotypic diversity, the abundance of haplotypes and equal distribution 
of both mating types indicate that sexual proliferation also exerts influence on the tested D. 
septosporum populations. Clonal fractions were higher than 50 % only in two populations 
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(Pivka and Tara). The high CF seen in Tara was most probably the result of a limited sample 
size. Observed high overall genetic diversity, low clonal fractions and a low number of 
shared haplotypes are typical for panmictic populations (Chen and McDonald, 1996). 
Drenkhan et al. (2012) similarly observed high genetic diversity, a low number of shared 
haplotypes and low rates of linkage disequilibrium in sexually reproducing populations of 
D. septosporum. Moreover, although not observed in this study, the sexual state has been 
confirmed in Serbia (Karadžić, 1988) and likely in Croatia (Milatović, 1976). In addition, 
low but significant linkage disequilibrium could be the result of limited sexual 
recombination due to mating between closely related individuals (Henk et al., 2012). Sexual 
recombination might be present in certain populations, however, it is not common enough 
to break the dominant pattern that is formed by asexual reproduction (Tibayrenc et al., 1991; 
Taylor et al., 1999b; Tibayrenc and Ayala, 2012). 
It should be noted that tests of linkage disequilibrium and PTLPT can be sensitive on the 
number of isolates and low number and frequencies of alleles (Burt et al., 1996; Geiser et 
al., 1998; Taylor et al., 1999a), and are an indirect way to detect sexual reproduction trough 
outcomes of random mating. The most reliable way to resolve the uncertainty of the 
reproduction mode of certain populations would be to resample the same locations for 
minimum of two consecutive years. If the observed haplotype patterns would significantly 
shift from year to year, this would imply that the populations are indeed going through sexual 
recombination (McDonald, 2004). 
According to Migrate-n analysis, most of the D. septosporum gene flow occurs between 
populations of Serbia and Slovenia. The natural direction of D. septosporum movement 
among these two countries would be over Northern Serbia, Western Hungary and continental 
parts of Croatia (Figure 11). As these territories lie in the flat basin of the ancient Pannonian 
sea, with continuous country borders and no major geographical barriers, the dispersal of D. 
septosporum over these territories can take place unhindered. Dothistroma needle blight has 
been present in these parts of Hungary, Slovenia, Serbia and Croatia for several decades 
(Maček, 1975; Milatović, 1976; Karadžić, 1988; Barnes et al., 2011). DNB in Hungary is 
believed to originate from Vojvodina, the north Serbian province bordering Hungary. 
Infections in this region first occurred in the 1980s in P. nigra monocultures of the Deliblato 
sand (Karadžić, 1988), from where it eventually spread to Western Hungary (Barnes et al., 
2011; Szabó, 1997). From here, the disease has most likely spread to bordering Slovakia, 
where it is now common (Zúbrik et al., 2006; Barnes et al., 2011; Tomšovský et al., 2013). 
Initially, the infections occurred as isolated incidents, latter causing outbreaks (Szabó, 1997; 
Barnes et al., 2011). Furthermore, as the sexual state of D. septosporum has already been 
reported from Deliblato Sand and several more locations from Serbia (Karadžić, 1988), the 
dispersal of D. septosporum via ascospores could have been achieved over large distances 
relatively unconstrained. 
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Notably, D. septosporum populations from Northern Serbia should be sampled and screened 
in order to additionally confirm the direction of the gene flow between the Slovenian and 
south-eastern Serbian populations of D. septosporum. However, the gene flow observed 
during the present study, affiliations to common phylogenetic lineages and admixed 
Slovenian-Serbian genetic clusters denoted in both population structure analyses strongly 
indicate to interactions and common ancestry between screened Serbian and Slovenian D. 
septosporum populations. The Kožino (Croatia) D. septosporum population did not group 
with isolates from Slovenia and Serbia in both phylogenetic and population structure 
analyses and likely originates from a different source. The lack of migration and genetic 
isolation of this population could be the result of the geographical isolation of the Kožino 
location, which is situated on a peninsula between the vast range of the Dinaric Alps on the 
one side, and the Adriatic Sea on the other. However, in 2018 DNB infections on P. nigra 
have been reported from the township of Đurđevac (Croatia) (Kranjec-Orlović et al., 2018), 
which is located in Slavonia (eastern Croatia) and lies between Serbian, Hungarian and 
Slovenian DNB infected areas and would be on the direct migration pathway of D. 
septosporum. Therefore, molecular identification and population structure analysis should 
be performed of this and neighboring Hungarian populations, as it would reveal if all 
populations in this region of Europe are a part of a single D. septosporum genetic “super-
cluster” spanning throughout the former Pannonian Sea basin.  
6.2 Dothistroma pini 
 
The investigated Dothistroma pini population in Slovenia is almost completely clonal. The 
low observed genetic diversity, presence of a single mating type and a single phylogenetic 
haplotype could all be the consequences of a recent introduction (Sakai et al., 2001; 
McDonald and Linde, 2002; Siziba et al., 2016). Dothistroma needle blight is known to be 
present in Slovenia since 1971 (Maček, 1975). However, until the survey performed by 
Piškur et al. (2013), it was unknown if both causal agents of the DNB exist in Slovenia. 
Today, D. pini is present in Panovec, Pivka, Podčetrtek and Radenci (Piškur et al., 2013). In 
comparison to its source population, it is common for pioneer waves of plant pathogens to 
have reduced genetic diversity, since the population gene pool in the new habitat is 
composed from a smaller number of individuals (Gladieux et al., 2015; Sakai et al., 2001). 
In other words, as the colonial pathogen population represents only a portion of the source 
population, the allelic richness of said population will be lower than the source population. 
For example, Lecanosticta acicola, Hymenoscyphus fraxineus and Fusarium circinatum are 
all considered to be invasive plant pathogens in Europe and display significantly lower 
overall genetic diversity in this continent, when compared to their presumed source 
populations (Berbegal et al., 2013; Gross et al., 2014; Janoušek et al., 2016). Furthermore, 
in the absence of sexual reproduction, due to a non-mixed mating type population, the 
population structure will not change significantly as the rearrangement of allele 
combinations cannot occur (McDonald, 1997). The diversity of an alien pathogen population 
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can be also affected by the frequency of the introductions, where if multiple incursions of 
the pathogen have transpired- the genotypic (haplotypic) diversity would not be as low as 
observed in Pivka (Sakai et al., 2001; McDonald and Linde, 2002; Dlugosch and Parker, 
2008). Therefore, the observed reduced genetic diversity can be attributed to founder effect, 
as a result of a genetic bottleneck, likely caused by a single-event introduction of a small 
number of D. pini individuals (Siziba et al., 2016). 
Further inquiries into D. pini populations in Slovenia, such as migratory ways and possible 
infection source, are difficult to resolve because of a limited sample size as a result of the 
restricted range of this pathogen in Slovenia at the moment our study was performed. D. 
septosporum appears to have a more cosmopolitan range in Slovenia and is genetically more 
diverse. In Slovenia, D. pini usually shared habitats with D. septosporum, while D. 
septosporum has been found independently in multiple sampling sites (Piškur et al., 2013; 
personal observation). Both species have also been found to cohabitate the same needle, such 
as in Pivka. However, with new molecular surveys being conducted, it seems that D. pini 
might have a wider range than previously assumed (Piškur B., personal communications). 
As previously stated, discrimination between these species can only be conducted via 
molecular tools. Nevertheless, from present results, it seems that D. septosporum populations 
in Slovenia have a more clearly defined population structure and are genetically more diverse 
than D. pini. Differences in diversity between these two closely related cryptic species in 
Slovenia can also be observed in the structure and genetic diversity of their populations. In 
Pivka, where even though both species have been isolated from the same trees, often from 
the same branches using same sampling and isolation technique, D. septosporum is 
significantly more diverse in all aspects of genetic diversity. Additionally, D. septosporum 
population in Pivka is composed of individuals with both mating types in equal proportion, 
while D. pini population is represented by individuals with exclusively MAT1-2 idiomorph. 
A MAT1-1 individual was detected in Pivka, however, this finding is not reliable as the 
mating type discrimination was performed on DNA extracted directly from the infected pine 
needle and could be a result of a contaminant amplification (personal observations).  
The microsatellite markers for D. pini have been developed only recently (Siziba et al., 
2016), and research in to the global range and population structure of this pathogen is yet to 
be conducted. The Pivka D. pini population obtained during this study, together with samples 
previously obtained from Slovenia, were included in the process of development of 
microsatellite markers for this pine pathogen (Appendix 3). From the preliminary analysis 
of D. pini populations originating from seven countries, Russian and French populations are 
genetically most diverse, while Slovenian and Hungarian populations have low diversity 
(Siziba et al., 2016). According to an analysis of the ITS gene region, high haplotypic 
diversity was also been found in certain D. pini populations from Europe and North America. 
Three out of six known ITS haplotypes have been observed in both Spanish (Dp_HAP.1; 
Dp_HAP.2; and Dp_HAP.4) and North Dakota (USA) (Dp_HAP.1; Dp_HAP.3; and 
Dp_HAP.5) D. pini populations (Barnes et al., 2016; Mullet et al., 2018). All analyzed 
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Slovenian D. pini isolates belonged to the Dp_HAP.1 haplotype, which is the most frequent 
D. pini ITS haplotype globally (Barnes et al., 2016; Mullet et al., 2018). 
We know today that D. pini has been present in France (and Europe) since 1965 and possibly 
from 1907 (Fabre et al., 2012). This uncertainty stems from the fact that the infected P. 
sylvestris sample from 1907 (originating from Tourbière du Beillard) was too small to repeat 
and confirm the species determination procedure. However, Fabre et al. (2012) demonstrated 
that D. pini is today common in France, especially in the South of the country. Both MAT1-
1 and MAT1-2 mating types were found in USA, French and Ukrainian populations, while 
the rest were non-mixed mating type populations. The preliminary research, although useful, 
does not provide enough information to ascertain the migration routes of D. pini in Europe 
and its origin. Consequently, until a global population study is conducted, the source of DNB 
infections caused by D. pini in Slovenia will remain unsolved. 
6.3 Lecanosticta acicola 
 
The genetic relationship between Lecanosticta acicola isolates from Slovenia and Croatia 
were analyzed using both phylogenetic and population genetics approaches. Comparisons of 
EF1-α sequences discovered two lineages among isolates obtained from these two countries 
and revealed close ancestral connections with isolates from Central and Northern Europe. 
Discriminant analysis of principal components divided isolates into four genetic clusters, 
roughly corresponding to their geographic distribution. The population structure and genetic 
diversity of these clusters reflected human-mediated dispersal of the pathogen and suggest 
that asexual reproduction as the prevailing mode of propagation. 
 
It has previously been proposed that European L. acicola populations have North American 
origin, and were originally formed from two different source populations. These included a 
Northern lineage and a Southern lineage, emerging from studies of morphology and 
pathogenicity (Kais, 1972), RAPD analyses (Huang et al., 1995) as well as those based on 
phylogenetic inference and microsatellite analyses (Janoušek et al., 2016; van der Nest et al., 
2019). Present study revealed that Croatian L. acicola isolates possess different EF1-α 
sequences to isolates obtained from Slovenia and to the ex-type isolate of the species. This 
difference was evident from one fixed bp mutation and consequently, the Croatian 
population represents a new L. acicola EF1-α haplotype. Our findings thus support the 
theory of Janoušek et al. (2016) and van der Nest et al. (2019a) that a common North 
American population was the original source of L. acicola infections in Europe. 
The first record of brown spot needle blight in Europe comes from Spain (Martínez, 1942). 
Three decades later, in 1975, severely infected P. halepensis trees were reported from 
Crvena Luka (Croatia) (Milatović, 1976). Consequently, BSNB infections were detected in 
Kožino (Croatia) (Figure 27), as well as in several locations throughout the Croatian coast 
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(Glavaš and Margaletić, 2001). Therefore, Croatia could have represented one of the earliest 
entry points of L. acicola into Europe. However, due to the presence of the unique EF1-α 
haplotype of L. acicola found in the Croatian population and no shared MLHs with other 
tested populations, no evident relationship between Croatian and recently emerged 
Slovenian L. acicola populations could have been established. 
 
Figure 27. Disease symptoms caused by Lecanosticta acicola on three different Pinus hosts. (a) P. nigra in 
Tolmin (photo: D. Jurc); (b) P. halepensis in Kožino, Croatia (photo: D. Diminić); (c) Pinus mugo in Trenta, 
Slovenia (photo: D. Sadiković). 
Slika 27. Simptomi bolezni, ki jih povzroča Lecanosticta acicola na treh različnih vrstah borov. (a) Pinus 
mugo v Tolminu, Slovenija (foto: D. Jurc); (b) P. halepensis v Kožinu, Hrvaška (foto: D. Diminić); (c) P. 
mugo v Trenti, Slovenija (foto: D. Sadiković). 
 
Sadiković D. Population structure of causal agents of red band and brown spot needle blight of pines in … Europe. 
    Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2020 
75 
 
Keeping in mind that asexual pathogen populations in exotic territories might not be as 
diverse as sexually reproducing populations, Kožino displayed one of the lowest overall 
genetic diversity from all tested population, even though it is arguably the oldest from all 
tested populations and has persisted in the same area of Croatia for more than 40 years. This 
is also evident when the Croatian population is compared with the nearest, Austrian and 
German, L. acicola populations. These populations are consisted of both mating type 
individuals, have considerably lower clonal fractions, higher allelic richness and haplotypic 
(genotypic) diversity (Janoušek et al., 2016). Another possible contribution to the Croatian 
L. acicola population’s low genetic diversity and unique genetic traits might be geographic 
isolation. This is because the sampling site Kožino is situated on the Zadar Peninsula and is 
surrounded by the Adriatic Sea, with the massive Dinaric Alps mountain chain spanning to 
the east of the Kožino. This kind of geographic position may restrict the gene flow and 
migration of the Kožino L. acicola population with the L. acicola populations of the 
neighboring countries. Genotypic diversity is a particularly important measure of genetic 
diversity for a facultatively sexual population, as it can offer insight into the abundance of 
asexual and sexual reproduction (McDonald, 1997). The observed genetic bottleneck, 
present in the Croatian population, could have been the result of an introduction of a 
founding population with reduced genetic diversity. This would consist of the notion that 
accidental introductions of alien species typically start with a limited number of individuals 
(Dlugosch and Parker, 2008). Subsequently, with no additional introductions and in the 
absence of sexual recombination, the genetic composition of the population would remain 
largely unchanged because of the restricted number of microsatellite alleles present in the 
founding population (Sadiković et al., 2019). In addition, the re-occurring outbreaks of 
BSNB in and around Kožino have prompted several attempts to eradicate the disease by 
means of fungicide treatments and silvicultural phytosanitary measures such as pruning, 
removal and burning of heavily infected lower branches of the diseased trees (Glavaš, 1979; 
Glavaš and Margaletić, 2001). This would mean that the phytosanitary measures undertaken 
to combat the disease could have negatively influenced the already low diverse L. acicola 
population and contribute to the effects of the genetic bottleneck (Sadiković et al., 2019). 
Even though both K-inferring methods yielded the K=2 as the optimal number of clusters, 
STRUCTURE analysis failed to detect population structure in the dataset and the results 
were not informative. As to why DAPC analysis was effective at recognizing individual 
clusters, yet STRUCTURE failed to detect population structure, multiple reasons may be 
responsible. Small sample size, low diversity and unevenly sized populations are known to 
affect STRUCTURE analysis (Rodríguez-Ramilo et al., 2012; Puechmaille, 2016; Lombaert 
et al., 2018), and as a result linkage disequilibrium can reduce the accuracy of the analysis 
(Hubisz et al., 2009; Rodríguez-Ramilo et al., 2014). Furthermore, algorithms which 
maximize the genetic differences between subgroups (such as DAPC) have more accuracy 
in distinguishing closely related, and clonal populations and inferring population structure 
(Jombart et al., 2010; Rodríguez-Ramilo et al., 2014; Mullett et al., 2017).  
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The sub-division of L. acicola populations in Slovenia and Croatia into four distinct genetic 
clusters, with relatively low genetic diversity, low gene flow and uneven distribution of 
mating types indicates multiple pathogen introductions from different sources (Sadiković et 
al., 2019). The four distinct clusters denoted from population structure analysis generally 
follow locations and host species from which the isolates were obtained. Cluster A, 
composed of L. acicola individuals obtained from infected P. nigra trees around Tolmin 
(Slovenia), was the least genetically diverse. Moreover, considering the genetic composition 
and clonality, it is probable that this population originated from a single or a small number 
of clonal individuals belonging to a different source to those of all the other populations. The 
majority of the isolates obtained from Trenta (Slovenia) formed genetic cluster B, while two 
MLH from Trenta together with nine isolates from Čatež, Ljubljana and Bled (all Slovenia) 
composed genetic cluster C. Both clusters B and C are represented by individuals obtained 
from infected P. mugo trees. The DNA sequence data of Croatian isolates was unique and 
these isolates also formed their own population cluster (D). Almost equal levels of molecular 
variance were observed among populations, among hosts groups, and within these groups. 
This kind of hierarchical organization reflects a clearly defined population structure with 
restricted gene flow and may be the result of human-mediated independent introductions of 
Slovenian and Croatian L. acicola populations. 
The high clonal fraction values, the disproportion of mating types and low haplotypic 
diversity suggest that asexual reproduction strongly influences L. acicola populations in the 
investigated region (Sadiković et al., 2019). Even though one of the groups might be in 
linkage equilibrium, the overall results were inconclusive, thus making it difficult to state 
with certainty that sexual reproduction is indeed occurring in the analyzed region. Low 
haplotype number and a disproportioned distribution of mating types has also been observed 
in L. acicola populations of northern Europe (Adamson et al., 2019). Even though both 
mating types were found in Slovenia, individually all populations were composed of single 
mating type isolates. Only MAT 2 isolates were detected in Croatia, which corresponds with 
the findings of Janoušek et al. (2016). The sustained persistence of a single mating type has 
also been observed in D. septosporum populations of New Zealand, where after more than 
40 years after its accidental introduction, a clonal population represented by a single mating 
type continues to persist (Barnes et al., 2014b). Although not confirmed in this study, sexual 
recombination has been observed in L. acicola populations in neighboring Austria, as well 
in Germany (Janoušek et al., 2016). Sexual reproduction produces new genotypes, possibly 
altering the behavior of the pathogen population (McDonald and Linde, 2002). The 
introduction of different mating type individuals into a population could lead to sexual 
reproduction and the opposite mating type populations in Tolmin and Trenta (Slovenia) are 
most at risk from such a situation because they are geographically nearest to each other.  
In Kožino (Croatia), BSNB has only been observed on P. halepensis, despite the fact that 
the disease has been present here for several decades (Milatović, 1976; Glavaš, 1979; Glavaš 
and Margaletić, 2001). Different Pinus species (i.e. P. pinaster Aiton and P. nigra) growing 
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in proximity to infected pine stands in the above-mentioned area, have not been infected by 
BSNB (Glavaš and Margaletić, 2001, Sadiković et al., 2019). A similar situation has been 
observed in L. acicola populations in Ljubljana and Trenta (Slovenia), where despite 
growing next to the severely infected P. mugo trees, P. nigra and P. sylvestris have not been 
infected (Figure 28). 
 
Figure 28: Different Pinus species growing adjacent to BSNB infected P. mugo in Trenta, Slovenia (photo: 
D. Sadiković). 
Slika 28: Različne vrste borov, ki rastejo v okolici rušja, okuženega z glivo L. acicola v Trenti, Slovenija 
(foto: D. Sadiković). 
As to the reason why certain Pinus hosts have still not been affected by BSNB in these areas, 
multiple explanations might be offered. The observed infection patterns could be a result of  
specific ecosystem and microclimate conditions influencing certain species to be more 
susceptible or resistant to certain infections. Hosts provenance and age should not be 
disregarded as well. Due to the limited number of infected hosts and sample size in certain 
locations, it is difficult to say if these infection patterns are the result of specific preferences 
of the pathogen to certain hosts (Sadiković et al., 2019). To resolve this problem would 
require further screening with larger populations of isolates from the same host and at 
different locations. Nonetheless, high levels of L. acicola adaptability to hosts and climatic 
conditions have already been observed during several studies (Kais, 1972; Huang et al., 
1995; Janoušek et al., 2016). Considering new reports of host jumps to native species, 
previously unaffected by the disease in certain regions (Adamson et al., 2018), and with new 
cases of brown spot needle blight infections developing throughout Europe (Mullett et al. 
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2018), climatic adaptability and host preference represents an important issue for future 
research. 
Pinus mugo appears to be the most frequently infected host species in the studied region 
(locations Trenta, Bled, Ljubljana and Čatež, Slovenia). P. mugo is generally considered to 
be highly susceptible species to BSNB throughout Europe, with infection reports from the 
Baltics (Adamson et al., 2015) to Italy (La Porta and Capretti, 2000). Recently, BSNB has 
been reported from Ireland and Russia on P. mugo as well (Mullett et al., 2018). The Tolmin 
population (Slovenia), obtained during present study, represents one three reported cases of 
BSNB on P. nigra in Europe. The two other reports of BSNB infected P. nigra are from 
Spain and Austria (Hintsteiner et al., 2012; Ortíz de Urbina et al., 2016). In Spain, BSNB 
was found in only 4 % of investigated P. nigra plots (Ortíz de Urbina et al., 2016). In 
contrast, 65 % of P. radiata D.Don plots were infected by the disease in the same area. In 
Austria, only two BSNB infected P. nigra trees were observed, even though heavily infected 
P. mugo trees were growing near them (Hintsteiner et al., 2012). Hintsteiner et al. (2012) 
contributed these occurrences to infection pressure due to heavy spore inoculum in the 
surrounding area. As infections of L. acicola rarely occur on P. nigra in Europe (Hintsteiner 
et al., 2012), the above-mentioned P. nigra populations near Tolmin (Slovenia) must be 
cautiously monitored. This is especially significant because they can become a source of L. 
acicola populations capable of infecting P. nigra, thus endangering this host in the rest of 
the region and throughout Europe. The introduction of the opposite mating type to this 
population (e.g. from Trenta) could induce sexual reproduction, leading to the production of 
wind-transmitted ascospores, consequentially giving the ability of long-range dispersal of P. 
nigra L. acicola population. Sexual reproduction has already been observed in neighbouring 
Austria and in Germany, and the BSNB upsurges reported from some European counties can 
be explained by the dispersal of wind-transmitted ascospores (Janoušek et al., 2016). 
Infected P. nigra stands in Slovenia grow adjacent to natural stands and plantations of this 
species in north-eastern Italy and will be economically important to confirm the presence of 
brown spot needle blight in other Julian Prealpine regions of Slovenia and Italy (Sadiković 
et al., 2019). 
When comparing the population structure of L. acicola populations with morphometry 
results, a clear correlation between conidial dimensions and geographical locations and 
genetic clusters was not found. Additionally, the correlation between the length and width 
of conidia was not detected. Correlation between length and width and certain locations had 
been found, however, the differences were not consistent. When compared, the mean lengths 
of conidia obtained from Bled, Ljubljana and Čatež varied considerably even though they 
constitute the same genetic cluster and share the same phylogenetic lineage. On the other 
hand, when considering the variations in conidia dimensions and host plant, a trend can be 
observed where the width of conidia roughly follows the width of the host needles. The 
difference in needle dimensions between P. halepensis and the two other hosts is greater 
than the difference between P. mugo and P. nigra. This is perfectly reflected in the widths 
Sadiković D. Population structure of causal agents of red band and brown spot needle blight of pines in … Europe. 
    Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2020 
79 
 
of their respective conidia, where the difference in widths between P. mugo and P. nigra is 
only 0.14 µm, while the difference between P. halepensis and P. mugo, and P. halepensis 
and P. nigra are 0.42 µm and 0.28 µm. The findings of this study indicate that the observed 
minor differences in conidial dimensions follow variations of the host species needle size 
and are likely not connected with the distribution of phylogenetic and MLH lineages of L. 
acicola. 
Morphometric studies, made during the present studies, have been performed to test 
correlations between phenotypic and genotypic characteristics of L. acicola populations 
living in different habitats, proposed by Evans (1984). In total, nine species have been 
described in the Lecanosticta genus. L. acicola remains the oldest and most well-known 
species in the genus. L. gleospora was described, based only on morphology, from infected 
P. pseudostrobus in Mexico (Evans, 1984). L. longispora was also originally described 
based on morphology from infected P. culminicola in Mexico (Marmolejo, 2002), and was 
subsequently re-described based on DNA sequence and morphological data (Quaedvlieg et 
al., 2012). L. brevispora and L. guatemalensis were described based on morphology and 
DNA sequencing data, from isolates believed to be L. acicola isolates originating from 
Guatemala and Mexico (Quaedvlieg et al., 2012). L. acicola was not observed in the studied 
material in this study. Recently, four new Lecanosticta species, L. jani from Guatemala and 
Nicaragua, L. pharomachri from Guatemala and Honduras, L. tecunumanii from Guatemala 
and L. variabilis from Guatemala, Honduras, and Mexico have been described based on 
DNA sequence data and morphology (van der Nest et al., 2019). Interestingly, L. acicola 
was also not found among investigated material from Central America. Furthermore, the 
isolates considered to be L. acicola by Evans (1984) were sequenced and identified as L. 
guatemalensis and the newly described L. variabilis (van der Nest et al., 2019a). L. acicola 
is now considered as a North-American species (van der Nest et al., 2019b). Consequently, 
from the results of these studies, the notion proposed by Evans (1984) that Central America 
is the origin of L. acicola species could not be confirmed. It appears that, more accurately, 
Mesoamerica is a more likely center of origin of the species, or at least the center of diversity 
of the Lecanosticta genus. This also implies that the morphological differences, observed by 
Evans (1984), are not a result of adaptations to different ecological stresses, but rather subtle 
intra-specific differences in a Lecanosticta species-complex. Results obtained during the 
present study confirm that observed morphological differences are not genetically connected 
to isolate provenance and disprove the notion of the existence of eco/morphotypes of L. 
acicola, at least in tested populations of the Balkan Peninsula. These findings are in 
congruence with the latest studies performed on L. acicola populations (van der Nest., 2019a, 
2019b).  
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Results gathered during the present study represent a first view into the structure of 
Dothistroma septosporum, D. pini and Lecanosticta acicola populations in Slovenia, Croatia 
and Serbia. Tested isolates were obtained from natural stands as well as from planted trees 
growing in urban and natural ecosystems across a large sampling area. The variety of hosts 
and sampling locations, in combination with several different phylogenetic, clustering and 
morphometric approaches to the result analysis, ensured a high-resolution insight into the 
population structure of Dothistroma and Brown spot needle blights in Slovenia, Croatia and 
Serbia.  
Results from microsatellite analysis gathered during present study challenge the notion of 
previously believed theory of recent D. septosporum introduction to Balkan Peninsula and 
Europe. All observed genetic variability indices are similar to those observed in multiple 
population studies of European D. septosporum populations (Tomšovský et al., 2013; Barnes 
et al., 2014; Mullett et al., 2015; Mullett et al., 2017; Adamson et al., 2018). Sexual 
reproduction and the abundance of genetic variation observed in Europe are not typical for 
a pathogen recently introduced. However, D. pini has most likely been recently introduced 
to Slovenia, based on the observed absence of a clear population structure and clonality 
(Siziba et al., 2016). This difference in abundance of genetic diversity becomes evident if 
we compare the two closely related species at Pivka, the site where they cohabitate on the 
same trees and sometimes needles. D. septosporum has notably higher haplotype richness, 
genetic and mating type diversity than D. pini. This is likely a result of different introduction 
time, introduction frequency as well as a difference in the number of introduction incidents. 
The analyzed D. pini population was the only known population of this pathogen at the time 
of conduction of the present study. Newly reported infections of DNB caused by D. pini 
should be sampled and analyzed in order to determine if the theory of recent D. pini 
introduction to Slovenia holds true.  
Population structure analyses based on phylogenetic and microsatellite markers, as well as 
migratory analysis all suggest that Slovenian and Serbian D. septosporum populations, 
analyzed during the present study, share a common ancestry and are a part of a larger genetic 
cluster. Based on the geographic position of the screened population, history and population 
analysis previously conducted in the neighboring area (Szabó, 1997; Barnes et al., 2011;), 
these populations may represent a part of a larger cluster situated in the Pannonian Basin 
(including Slovenia, Croatia, Hungary and Serbia) or are interacting across this territory. 
Large genetic clusters of European D. septosporum populations spanning through several 
bordering countries have already been observed in neighboring countries (Barnes et al., 
2014b). 
The results obtained indicate that L. acicola is being transmitted with human assistance. A 
clear separation of genetic clusters resulting from multiple introductions that follow 
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geographic distribution of isolates indicates to the possibility of human-mediated movement 
(Barnes et al., 2016). The low overall genetic variability observed in analyzed L. acicola 
populations is a characteristic trait of recently introduced populations in to novel territories 
(Sakai et al., 2001; Sadiković et al., 2019). Low haplotypic diversity, prevalence of a single 
mating type and high clonal fractions present in the populations imply that populations are 
reproducing asexually, which is likewise a characteristic of recently introduced facultatively 
sexual-reproducing organisms (McDonald, 2004). Furthermore, based on population 
structure and phylogenetic analysis, it is clear that the analyzed Croatian L. acicola 
populations do not represent the source of infection and spread of the BSNB in Slovenia 
(Sadiković et al., 2019). The results also provide reasons for closer monitoring of certain 
populations, as the mixing of two nearby populations of opposite mating types, such as 
Trenta and Tolmin, could initiate the release of long-range ascospores, formed in sexual 
reproductions. Rapid outbreaks of BSNB, facilitated by sexual reproduction have already 
occurred in Europe (Janoušek et al., 2016; Laas et al., 2019). If this were to transpire in 
Slovenia, a spill-over of the BSNB on previously unaffected host P. nigra could take place 
in bordering countries. Reports of L. acicola are increasing in number and, as reported by 
Adamson et al., (2018) and in this study, L. acicola is already present in natural forest stands 
in Europe. With all this in mind, the adequacy of current quarantine measures may be in 
question. They clearly should not only be focused on the pathogen species but should 
consider pathogen mating types, lineages and haplotypes as well (Sadiković et al., 2019). 
The most important findings, conclusions and also the answers to the posed questions, are 
as follows: 
1. Which species are responsible for Dothistroma needle blight and Brown spot needle blight 
in Slovenia, Serbia and Croatia?  
All three pathogens (L. acicola, D. pini and D. septosporum) were not detected in each of 
the investigated countries.D. septosporum was the only pathogen species found in all three 
countries (Slovenia, Serbia and Croatia). DNB infections in Pivka were the only source of 
D. pini found in Slovenia, during the present study. The pathogen L. acicola was confirmed 
to be the causal agent of BSNB in Croatia and Slovenia.  
2. Are Dothistroma septosporum, D. pini and Lecanosticta acicola populations in the 
investigated area related with populations of the neighboring regions?  
D. septosporum and L. acicola seem to be related to Central European and certain other 
populations, while D. pini is related to populations from Northern USA. 
Phylogenetically, D. septosporum isolates obtained from Slovenia and Serbia were found to 
be related to isolates obtained from Central and Southern European countries, while Croatian 
isolates grouped together in a different clade. Slovenian D. pini populations shared identical 
genetic sequences to isolates originating from the Northern USA. Croatian and Slovenian L. 
acicola populations formed separate but related phylogenetic lineages, while Slovenian 
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isolates were observed to share a common ancestry with individuals from Central and 
Northern Europe, which have most likely been originally introduced from the North 
American continent. Furthermore, the Croatian L. acicola population is not the source of 
recent Brown spot needle blight outbreaks, occurring in Slovenia.  
3. How genetically diverse are the D. septosporum, D. pini and L. acicola populations in the 
investigated area, and is there gene flow among them?  
Most of the Slovenian and Serbian D. septosporum populations are genetically diverse and 
admixed, while Croatia is genetically diverse but isolated. Furthermore, Slovenian and 
Croatian L. acicola populations are likely of different infection sources and low in genetic 
diversity. 
Most of the analyzed D. septosporum populations displayed high levels of both genetic and 
haplotypic diversity. Most of the population admixture was observed between Slovenian and 
Serbian populations, which also constitute joined genetic clusters. The Croatian population, 
although also rich in genetic diversity, was genetically isolated. L. acicola populations in 
both Slovenia and Croatia displayed low overall genetic diversity, clearly defined population 
structure with isolated genetic clusters. Furthermore, no gene flow was detected between 
these two countries, implying that they have been independently introduced.  
4. Are D. septosporum, D. pini and L. acicola populations reproducing sexually or 
asexually?  
While both sexual and asexual reproduction is likely present in D. septosporum populations, 
the main mode of reproduction for D. pini and L. acicola is cloning. 
The presence of clones, low amounts of linkage disequilibrium, both mating type 
idiomorphs, the abundance of haplotypes and equal distribution of both mating types suggest 
that both sexual and asexual reproduction have a significant role in the genetic structure of 
D. septosporum populations in the studied region. Observed clonality in the analyzed D. pini 
isolates indicate asexual reproduction as the main mode of propagation. Clear population 
structure, absence of gene flow, an unequal ratio of mating types, low haplotype count and 
a low overall genetic diversity between the studied L. acicola population clusters indicate to 
asexual reproduction. 
5. Are L. acicola taxonomic groupings according to conidial dimensions similar to those 
based on molecular data?  
No relationship between populations and spore dimensions was found. 
Morphometric analysis indicated no correlations between taxonomic and molecular 
groupings of L. acicola populations living in different habitats in both Slovenia and Croatia. 
Moreover, the observed connection between conidial dimensions and the host species could 
likely be the consequence of fruiting body sizes, due to different needle widths. 
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It is widely recognized that invasions of non-indigenous species are one of the main threats 
to ecosystem stability, as these invasions can often leed to the loss of biodiversity, shifts in 
the carbon and nutrient cycles, and disruption of normal ecosystem services. Invasive plant 
pathogens often produce propagules resistant to environmental stresses, which can be 
dispersed naturally over great distances through air currents. Today, however, as a result of 
global transport, plant pathogens are usually unintentionally most often introduced into a 
new environment via traded infected plant material. In general, the initial invading 
populations are small, making them vulnerable to biotic, abiotic and other environmental 
stresses. Another characteristic of newly-formed invasive pathogen populations is reduced 
genetic diversity, as the population is only established by a fraction of the original 
population. In addition, the lack of sexual reproduction and multiple introductions also 
influence population diversity. Successfully established populations will spread to suitable 
adjacent territories, often using rain and water runoff, or they will be spread over long 
distances using wind-borne dispersal routes. 
Dothistroma needle blight (DNB) is one of the most important and widespread pine diseases 
today. The disease is caused by two cryptic heterothallic ascomycetes Dothistroma 
septosporum (Dorog.) M. Morlet (formerly Mycosphaerella pini E. Rostrup) and D. pini 
Hulbary (sexual state not yet described). Since the 1950s it has been recognized as a major 
threat to forestry in the Southern Hemisphere damaging monoculture pine plantations of 
Africa, South America and Oceania. In the 1990s, outbreaks of the disease occurred first in 
Northern Serbia, then Southern Hungary and the rest of Central and Northern Europe. Since 
then, the disease has been widespread in Asia, Europe and North America in pine plantations, 
and in natural forests. Contrary to D. septosporum cosmopolitan range, D. pini is only 
common in some countries in North America and Europe.  
Dothistroma needle blight was thought to have Central American origin, and spread in 
Europe as a result of the trade with infected plant material. However, several recent global 
and regional population studies have shown, that most D. septosporum populations in 
Europe as a whole have a very high genetic diversity that is not typically observed in 
relatively newly formed plant pathogen populations. In addition, the overall genetic diversity 
of D. septosporum populations was higher in Northern than in Southern Hemisphere. 
However, the analyzed European D. pini populations are less genetically diverse overall.  
The first evidence of Dothistroma needle blight for Serbia was reported in 1955 from a 
twenty-five-year-old P. nigra stand, with high infection severity due to lack of sunlight and 
increased humidity due to the high density of the planted trees. The first infections with DNB 
in Croatia occurred in 1963 when it was found on P. nigra trees in continental forest 
Sadiković D. Population structure of causal agents of red band and brown spot needle blight of pines in … Europe. 
    Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, 2020 
84 
 
nurseries and plantations. In Slovenia, Dothistroma needle blight was first detected in 1971 
on Pinus nigra trees near Ljubljana. 
Dothistroma septosporum reproduces sexually in Europe, the sexual state being recorded in 
eleven countries (including Croatia and Serbia). Wind transmitted long-range sexual 
ascospores have contributed to range expansion of certain haplotypes and genetic 
homogenization of D. septosporum populations in Europe. Favorable weather conditions, 
human-induced movement and monoculture plantations have allowed DNB to expand its 
area massively during the second half of the last century, which in turn has created conditions 
for sexual reproduction and high genetic variation. Although both mating types have been 
demonstrated in certain populations, and the fact that genetic tests imply that some 
populations could be reproducing by sexual recombination, the sexual state of D. pini has 
yet to be discovered.  
Brown spot needle blight (BSNB), caused by the ascomycete Lecanosticta acicola is today 
considered one of the most aggressive and dangerous diseases of pine. BSNB is 
characterized by a slowdown in tree growth due to severe defoliation, caused by dehydration 
and abrupt needle drop. The pathogen is listed an A2 pest (EPPO quarantine European Plant 
Protection Agency) and as II/A1 pest (syn. Scirrhia acicola (Dearn.) Sigg.) in the EU Annex 
designation. The disease has been reported from more than 30 countries in Asia, Africa, 
Europe, and North and South America, where it endangers indigenous pine species as well 
as planted species of economic importance. In recent decades, there have been increasing 
reports from Europe as well as reports from new hosts, indicating the spread of L. acicola in 
this region.  
It was previously thought that Central America could be the center of origin of L. acicola. 
Of the nine species described in the genus Lecanosticta, eight are known only from Central 
America and Mexico, suggesting that Mesoamerica is a centre of diversity for the genus. In 
addition, several recent molecular biology-based studies failed to confirm the presence of L. 
acicola in Central America. It is therefore now believed that L. acicola is native to North 
America from where it spread to other continents, such as Europe and Asia. 
On the basis of pathogenicity, morphology and phylogenetic and microsatellite analyses, 
three lineages of L. acicola were identified in America, Europe and Asia. The ‘northern 
lineage’ is represented by isolates collected in the northern USA, Canada, and central and 
northern Europe. The ‘southern lineage’ is represented by isolates collected in the southern 
USA, Spain, France, Colombia and Asia. These two lineages represent the source of all 
European L. acicola populations. The third lineage is comprised by isolates only from 
Mexico. 
The first evidenceof L. acicola in Europe came from Spain in 1942, and it was an isolated 
occurrence. The next European BSNB record was registered in 1975 in Croatia, on 15-year-
old P. halepensis trees. Epiphytocia were detected throughout the region, with the largest 
infected area in found in the Kožino area (36 km from the original outbreak), where over 
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500 ha of P. halepensis were severely affected by BSNB. In Slovenia, BSNB was first 
detected in 2008 in Lake Bled and in 2009 in Ljubljana on P. sylvestris and P. mugo. These 
findings appeared to be isolated infections and no further new infections were reported from 
these sites after the removal of the infected trees. In the period 2014-2016, the disease was 
found at several locations throughout Slovenia on P. nigra, P. sylvestris and P. mugo. 
Both DNB and BSNB trigger the abrupt shedding of needles, which leads to slower growth 
of the pine trees and can sometimes cause the trees to die if the infections persist for a longer 
period of time. In pine seedlings and younger trees (up to 5 yrs. old), the diseases have a 
high mortality rate. Both DNB and BSNB use rain splashes, water runoff and fog as primary 
means of local spread. Both diseases can also be transmitted by animals and humans where 
the pathogens have become trapped on fur, tools and clothing. However, the most important 
means of spreading these pathogens worldwide is the trade and transport of the infected plant 
material. 
Prompted by the increasing frequency of the pathogen reports in the investigated region and 
worldwide, the main objective of this study was to assess the current state of the population 
structures of L. acicola, D. pini and D. septosporum in Slovenia, Croatia and Serbia by 
determining the population structure, genetic diversity and mode of reproduction of their 
populations. A further aim of the study was phylogenetic comparison of isolates originating 
from the region under investigation with isolates obtained in previous studies , in order to 
establish a clearer history of origin of the three pathogens in South-eastern Europe, and to 
contribute to the overall knowledge of DNB and BSNB worldwide. 
Thus, our aims were as follows: 
i. Establishing the overall presence of the three pathogen species in the sampled 
locations of the investigated area 
ii. Determining the possible origin of the two diseases in the investigated area  
iii. Determining the population structure and genetic diversity of the obtained pathogen 
populations 
iv. Determining the mating types and mode of reproduction of the obtained pathogen 
populations 
v. Determining the possible connection between the population structure and certain 
morphological characteristics of the L. acicola 
We tried to achieve these aims by answering the following questions: 
1. Which species are responsible for Dothistroma needle blight and Brown spot needle 
blight in Slovenia, Serbia and Croatia? 
2. Are Dothistroma septosporum, D. pini and Lecanosticta acicola populations in the 
investigated area related with populations of the neighboring regions? 
3. How genetically diverse are the D. septosporum, D. pini and L. acicola populations 
in the investigated area, and is there gene flow among them?  
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4. Are D. septosporum, D. pini and L. acicola populations reproducing sexually or 
asexually? 
5. Are L. acicola taxonomic groupings according to conidial dimensions similar to 
those based on molecular data? 
The samples were collected from 2014-2016 (May to October) at ten locations situated in 
Slovenia, Croatia and Serbia. The sampling sites ranged from old coastal tree plantations in 
Kožino, sub-Alpine pine regenerations on Stara Planina Mountain, Alpine and the sub-
Alpine tree grows in Trenta and Tolmin, lowland pine tree regenerations in Pivka and various 
trees planted as ornamentals in Čatež and Celje. Obtained single-spore isolates originate 
from three pine species (P. mugo, P. nigra and P. halepensis). In addition, D. septosporum, 
D. pini and L. acicola cultures from Slovenia, collected in previous surveys, were purified 
to single-spore isolates and included in this study. 
Maximum parsimony, maximum likelihood and Bayesian inference phylogenetic analyses 
of all three pathogen species were conducted by sequencing three partial gene regions EF1-
α, βT2, and ITS.  
D. septosporum populations were screened with thirteen microsatellite markers, D. pini with 
seventeen and L. acicola populations with eleven microsatellite markers. Implementing data 
obtained by fragment analysis, datasets containing multilocus haplotype profiles of each 
screened individuals were created and used for analyses of genetic diversity and 
STRUCTURE and DAPC (discriminant analysis of principal components) population 
structure analyses. AMOVA (analysis of molecular variance) was used to assess the extent 
of population differentiation and structure among populations, hosts species groups, country 
of origin and within these groups. Multilocus haplotype isolate profiles were also used to 
examine the migration rates between D. septosporum populations on levels of populations 
and countries of origin. Mode of reproduction was established by amplifying and analyzing 
the ratio of mating types for each organism in combination with population testing for 
evidence of sexual recombination through linkage equilibrium and parsimony-inheritance 
analysis using MLH datasets. Possible connections between conidial dimensions and 
population structure were investigated by comparison of conidial dimensions with the results 
obtained by fragment analysis of L. acicola. 
From ten sampling locations located in Slovenia Serbia and Croatia, 224 individuals 
molecularly confirmed to belong to the three species L. acicola, D. septosporum, and D. pini 
have been obtained. D. septosporum was sampled from all three countries, D. pini from 
Slovenia and L. acicola was found in Slovenia and Croatia. 
In both EF1-α and βT2 analyses, D. septosporum isolates representing Slovenia and Serbia 
grouped mostly with isolates obtained from Central and Southern European countries, while 
Croatian isolates grouped together in a different clade. βT2 gene region sequencing placed 
Croatian isolates with individuals originating mostly from the Southern Hemisphere and 
from Oregon, USA. Two novel EF1-α D. septosporum haplotypes were detected in the 
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present study, one unique to the entire Croatian population and the second found in Celje. In 
the analysis of the EF1-α gene region, isolates from Croatia formed individual sub-clade, 
while Serbian and Slovenian isolates grouped with Chile, Australia, France and the USA. 
Across all tested isolates, no discrepancies were found in the ITS gene region and all 
sequenced individuals belonged to the most frequent among four previously characterized 
ITS D. septosporum haplotypes. 
The Slovenian D. pini population displayed identical sequences with isolates from Northern 
USA and thus formed a common clade with those isolates in the analyses of all three gene 
regions. 
Phylogenies generated in maximum parsimony, maximum likelihood and Bayesian 
inference L. acicola analyses all displayed the same topology. Isolates from Slovenia and 
Croatia all grouped in the “northern lineage”. Isolates from Slovenia were identical in 
sequence to the ex-type isolate of L. acicola, while those from Croatia contained a unique 
fixed single base polymorphism and formed a sub-clade. Consequently, the Croatian 
population represents a novel EF1-α haplotype of L. acicola. Observed results support 
previously postulated hypothesis that a common North American population was the original 
source of L. acicola infections in central and northern Europe. 
All D. septosporum populations had relatively high haplotypic diversity. Clonal fractions 
were low in all populations, except in Pivka and Tara. Genetic distances showed moderate 
to low divergence between most of the analyzed populations, apart from Trenta and Kožino, 
who were the most divergent. Allelic richness was moderate to high in all populations did 
not differ significantly, unlike private allelic richness which varied significantly. 
Both STRUCTURE and DAPC D. septosporum analyses revealed that most of the Slovenian 
and Serbian isolates form a joined genetic cluster, while the population from Trenta formed 
a separate cluster. D. septosporum population from Croatia grouped distinctly from all other 
tested populations and was the most divergent. DAPC analysis suggested the presence of 
seven genetic clusters among the analyzed D. septosporum populations. However, when 
results from STRUCTURE and DAPC analyses are compared, similar patterns of population 
stratification can be observed, with most of the genetic admixture observed between 
Slovenian (apart from the Trenta population) and Serbian populations. AMOVA revealed 
that the majority of molecular variance resides within the denoted groups (populations, host 
species groups, country of origin), instead of among these groups, which is usually seen 
among interacting populations (gene flow, and with common ancestry). According to 
Migrate-n analyses on the levels of populations and countries, most of the D. septosporum 
gene flow occurs between populations of Serbia and Slovenia, which is also reflected in the 
denoted population structure. Overall genetic diversity in most of the analyzed populations 
was moderate to very high, which is not typical for newly formed populations, possibly 
indicating to a longer D. septosporum presence in Europe than previously believed. 
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Trenta population displayed the highest microsatellite allelic richness, highest haplotypic 
diversity, presence of both mating types and the lowest clonal fraction. Even though the 
disease was originally detected in 2013 in the basin of the river Soča and considering the 
observed overall high genetic diversity, the disease could likely be present in the Julian Alps 
longer than six years. 
Considering that DNB was present in western Serbia since at least the 1980s, the observed 
low infection rate of P. nigra, native to this area, could be the consequence of long-term 
coexistence between this host and the pathogen in this region. High resistance of P. nigra 
originating from the Tara Mountain to DNB, observed in previously conducted studies, give 
support to this possibility. 
Dothistroma needle blight was first time recorded in Kožino (Croatia) in 2010. Considering 
that the observed overall genetic diversity was nearly as high as seen in the Trenta D. 
septosporum population and that DNB is present in Croatia since the 1980s, it is likely that 
the disease has been present in Kožino longer than originally reported. Moreover, as in both 
phylogenetic and clustering analyses, the Kožino D. septosporum population has grouped 
separately from Serbia and Slovenia, the infections here likely originate from a different 
source. 
Tests of the mode of reproduction as well as high observed haplotype diversity all indicate 
that D. septosporum populations in the central and South-eastern Europe are undergoing 
through both sexual and asexual proliferation. The presence of clones in all the tested 
populations points to the conclusion that asexual reproduction plays a significant role in the 
genetic structure of D. septosporum populations in the studied areas of Southern Europe. 
However, the observed low rates of linkage disequilibrium, high haplotypic diversity, the 
abundance of haplotypes and equal distribution of both mating types indicate the presence 
of sexual proliferation in the tested D. septosporum populations. Observed high overall 
genetic diversity, low clonal fractions and a low number of shared haplotypes are typical for 
panmictic populations. 
All analyses suggest that tested Slovenian and Serbian D. septosporum populations share a 
common ancestry and are a part of a larger genetic cluster. Based on the geographic position 
of the sampling sites, history and population analysis previously conducted in the 
neighboring region, it is possible that these populations represent a part of a larger cluster 
situated in the Pannonian Basin or are interacting across this territory, as vast genetic clusters 
of European D. septosporum populations spanning through several bordering countries have 
already been observed in neighboring countries. 
D. pini population obtained during this study, together with samples previously obtained 
from Slovenia, were included in the process of development of microsatellite markers for 
this pine pathogen All D. pini isolates displayed clonality. Observed low genetic diversity, 
the prevalence of one mating type, single host species and a single phylogenetic haplotype 
are most likely consequences of a recent introduction. Further research including populations 
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from neighboring countries is needed in order to establish migratory routes and possible 
infection source of D. pini in Slovenia. 
The presence of four distinct genetic clusters in L. acicola populations, generally 
corresponding to their respective geographic location and host was suggested by clustering 
analysis. Similar levels of molecular variance among populations, among hosts groups, and 
within these groups, together with the observed clear population structure indicate to an 
anthropogenic influence in the movement of the pathogen and little to no levels of gene flow 
among the pathogen populations. L. acicola obtained from P. nigra, rarely found in Europe, 
displayed complete genetic clonality and a single mating type. An unequal ratio of mating 
types, low haplotype count and a low overall genetic diversity observed in the analyzed 
population indicated to a strong influence of asexual reproduction. Results of clustering 
analysis and mode of reproduction indicated to a potential of sexual reproduction occurring 
between to geographically close populations of opposite mating types, producing wind-
transmitted long-range ascospores, potentially adding in increased disease spread. 
Morphometric analysis indicated no connections between morphological and genetic 
characteristics of L. acicola populations in the analyzed region. Moreover, the observed 
connection between conidial dimensions and the host species could likely be the 
consequence of fruiting body sizes, due to different needle widths. Although some of the 
oldest recorded European occurrences of brown spot needle blight are from Croatia, present 
findings provided no indications that the studied Croatian population was the source of the 
sampled outbreaks in Slovenia. Recent outbreaks of L. acicola recorded in Slovenia are most 
likely a consequence of multiple and independent introduction events. 
P. mugo seems to be the most frequent BSNB host in the studied area (locations Trenta, 
Čatež, Ljubljana and Bled, Slovenia). Even though L. acicola has been present in Kožino 
(Croatia) for several decades, infections have been detected only on P. halepensis, despite 
other Pinus species (i.e. P. pinaster and P. nigra) growing in close proximity to diseased 
pine stands. A similar situation has been observed for L. acicola populations in Trenta and 
Ljubljana (Slovenia), where P. nigra and P. sylvestris have not been infected even though 
they grow adjacent to the severely infected P. mugo stands. The observed patterns could be 
a result of microclimate and specific ecosystem conditions influencing certain host species 
to be more susceptible or resistant to infection, as well as a result of provenance and age. 
The results obtained indicate that L. acicola is being transmitted with human assistance. A 
clear separation of genetic clusters resulting from multiple introductions that follow the 
geographic distribution of isolates indicates to the possibility of human-mediated movement. 
The low overall genetic variability observed in analyzed L. acicola populations is a 
characteristic trait of recently introduced populations into novel territories. Low haplotypic 
diversity, the prevalence of a single mating type and high clonal fractions present in the 
populations implies that populations are reproducing asexually, which is likewise a 
characteristic of recently introduced facultatively sexual-reproducing organisms. The results 
also provide reasons for closer monitoring of certain populations, as mixing of two nearby 
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populations of opposite mating types, such as Trenta and Tolmin, could initiate the release 
of long-range ascospores, formed in sexual reproductions. Sexual recombination has already 
been detected in Germany and Austria, and the disease upsurges reported from some 
European counties could be accounted for by dispersal of long-range windblown ascospores. 
If this were to transpire in Slovenia, a spill-over of the BSNB on previously unaffected host 
P. nigra could take place in bordering countries. Reports of L. acicola are increasing in 
number and the pathogen is already present in natural forest stands in Europe. With all this 
in mind, the adequacy of current quarantine measures may be in question. They clearly 
should not only be focused on the pathogen species but should consider pathogen mating 
types, lineages and haplotypes as well. 
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Tujerodne vrste predstavljajo eno največjih groženj za stabilnost ekosistemov, saj lahko 
povzročijo izgubo biotske raznovrstnosti, vplivajo na kroženje ogljika in hranilnih snovi ter 
povzročajo motnje običajnih ekosistemskih storitev. Globalna trgovina in klimatske 
spremembe vplivajo na premike teh organizmov, tudi med kontinenti, na nova območja, kjer 
lahko povzročajo škodo. Začetne populacije takih, na novo vnesenih organizmov, so 
običajno majhne in so zato dovzetne za biotske, abiotske in druge okoljske dejavnike. Na 
novo vzpostavljene populacije invazivnih organizmov imajo manjšo genetsko raznolikost. 
Poleg tega odsotnost spolnega razmnoževanja in morebiten večkraten vnos vplivata na 
raznolikost populacij. Uspešne populacije se lahko razširjajo, pogosto z dežnimi kapljicami, 
vodnimi telesi, vetrom oziroma z antropogenimi načini prenosov.  
Rdeča pegavost borovih iglic je ena izmed pomembnejših in razširjenih bolezni borovcev. 
Bolezen povzročata dve kriptični vrsti askomicetnih gliv Dothistroma septosporum 
(Dorogin) M. Morlet (sin. Mycosphaerella pini Rostr. ex Munk) in D. pini Hulbary. Od 
petdesetih let prejšnjega stoletja je bolezen prepoznana kot eden večjih gozdarskih 
problemov na Južni polobli, predvsem zaradi škode, nastale v monokulturnih borovih 
nasadih v Afriki, Južni Ameriki in Oceaniji. V devetdesetih letih prejšnjega stoletja so se 
začeli pojavljati izbruhi bolezni v severni Srbiji, v južni Madžarski in preostali srednji in 
severni Evropi. Od takrat je bolezen razširjena v Aziji, Evropi in Severni Ameriki v borovih 
nasadih, pa tudi v naravnih gozdnih sestojih. V nasprotju z globalno prisotnostjo vrste D. 
septosporum, je vrsta D. pini do danes potrjena le v nekaterih državah Severne Amerike in 
Evrope. 
Rdeča pegavost borovih iglic se je najverjetneje razširila iz Severne Amerike v Evropo s 
trgovino z okuženim rastlinskim materialom. Vendar pa več nedavnih populacijskih študij 
vrste D. septosporum nakazuje, da ima večina populacij D. septosporum v Evropi visoko 
genetsko pestrost, kar je značilnost starejših populacij rastlinskih patogenov. Poleg tega je 
genetska raznolikost populacij D. septosporum višija na severni kot na južni polobli. 
Evropske populacije D. pini pa so na splošno manj genetsko raznolike. 
Prvi zapis rdeče pegavosti borovih iglic v Srbiji je bil leta 1955, in sicer so bolezen našli v 
25-letnem nasadu P. nigra. Prvo poročilo o rdeč pegavosti borovih iglic na Hrvaškem je iz 
leta 1963, ko so jo našli v kontinentalnih gozdnih nasadih in nasadih P. nigra. V Sloveniji 
je prvi zapis o rdeči pegavosti borovih iglic iz leta 1971, ko je bila bolezen najdena na P. 
nigra v okolici Ljubljane in Škofje Loke. 
Vrsta D. septosporum se spolno razmnožuje v Evropi, saj so spolno obliko (teleomorf) našli 
v enajstih državah (vključno s Hrvaško in Srbijo). Askospore, ki se raznašajo z vetrovi, so 
najverjetneje prispevale k razširitvi določenih haplotipov in k mešanju populacij D. 
septosporum v Evropi. Ugodne vremenske razmere, človek in monokulturni borovi nasadi 
so omogočili, da se je areal bolezni rdeče pegavosti borovih iglic povečal. Čeprav so tako 
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pri D. septosporum kot D. pini odkrili oba paritvena tipa pri določenih populacijah, pa spolna 
oblika vrste D. pini še ni poročana. 
Rjava pegavost borovih iglic, ki jo povzroča askomicetna gliva Lecanosticta acicola (sin. 
Mycosphaerella dearnessii), velja za eno najbolj agresivnih in nevarnih bolezni borov. Za 
rjavo pegavost borovih iglic je značilna upočasnitev rasti dreves kot posledica močne 
osutosti. O bolezni so poročali iz več kot 30 držav v Aziji, Afriki, Evropi in Severni in Južni 
Ameriki, kjer ogroža avtohtone vrste borov kot tudi zasajene vrste gospodarskega pomena. 
V zadnjih nekaj desetletjih se je povečalo število poročil iz Evrope in poročil novih 
gostiteljev, kar kaže na širjenje L. acicola v tej regiji. 
Kot naravni areal glive L. acicola je bila prvotno določena Srednja Amerika, vendar je na 
podlagi novejših podatkov in poročil, kot naravni areal prepoznana Severna Amerika. V 
Srednji Ameriki je potrjena prisotnost še osmih drugih vrst Lecanosticta. Iz Severne 
Amerike se je gliva razširila na druge celine, kot sta Evropa in Azija. 
Na podlagi patogenosti, morfologije ter filogenetskih in mikrosatelitskih analiz so bile v 
obeh Amerikah, Evropi in Aziji identificirane tri skupine vrste L. acicola: »severna linija« 
(izolati iz severne ZDA, Kanade ter srednje in severne Evrope), »južna linija« (izolati iz juga 
ZDA, Španije, Francije, Kolumbije in Azije) ter tretja linija, ki predstavlja izolate iz Mehike. 
Severna in južna linija predstavljata vir vseh trenutno znanih evropskih populacij L. acicola.  
Prvi uradni zapis o glivi L. acicola v Evropi je iz Španije leta 1942. Leta 1975 so bolezen 
našli na Hrvaškem, na 15-letnih drevesih Pinus halepensis. Največje okuženo območje je 
bilo v okolici Kožina (36 km od prvotnega izbruha), pri čemer je bolezen močno prizadela 
več kot 500 ha P. halepensis. Bolezen rjavenje borovih iglic oziroma rjava pegavost borovih 
iglic je bila v Sloveniji prvič odkrita leta 2008 na Bledu na P. sylvestris in leta 2009 v 
Tivoliju, (Ljubljana) na P. mugo. Te ugotovitve so bile izolirane okužbe in po odstranitvi 
okuženih dreves ni bilo poročil o novih okužbah s teh dveh lokacij. V obdobju 2014–2016 
je bila bolezen odkrita na več lokacijah po Sloveniji na P. nigra, P. sylvestris in P. mugo. 
Obe bolezni povzročata odpadanje borovih iglic, kar vpliva na rast borovcev in lahko privede 
do odmiranja okuženih gostiteljskih dreves, še posebej če so okužbe prisotne več let. Propad 
je pogostejši pri mlajših drevesih in sadikah. Tako rdeča pegavost kot rjavenje borovih iglic 
se razširjata z npr. dežnimi kaplicami, meglo, lahko pa tudi na krznu živali, na orodju, 
oblačilih, mehanizaciji. Za razširjanje bolezni na daljše razdalje pa je ključna trgovina in 
prevoz okuženega rastlinskega materiala.  
Jakost in razširjenost rjavenja borovih iglic in rdeče pegavosti borovih iglic se v zadnjih letih 
povečujeta. Zato je bil glavni namen te študije oceniti trenutno stanje populacij L. acicola, 
D. pini in D. septosporum v Sloveniji, na Hrvaškem in v Srbiji z določitvijo genetske 
strukture populacij vseh treh vrst gliv, genetske raznolikosti ter načina razmnoževanja 
njihovih populacij. S filogenetsko primerjavo izolatov, ki izvirajo iz preiskovane regije, smo 
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dobili dodaten vpogled o izvoru vseh treh vrst v jugovzhodni Evropi. Rezultati naloge so 
prispevali k globalnemu znanju o rdeči pegavosti in rjavenju borovih iglic. 
 
Cilji raziskave so bili sledeči: 
i. Ugotoviti prisotnosti treh vrst D. septosporum, D. pini in L. acicola na lokacijah 
raziskovanega območja. 
ii. Določitev možnega izvora obeh bolezni v raziskovanem območju. 
iii. Določitev populacijske strukture in genetske pestrosti pridobljenih izolatov vseh treh 
vrst gliv. 
iv. Določitev načina razmnoževanja pridobljenih populacij. 
v. Ugotoviti možne povezave med populacijsko strukturo in nekaterimi morfološkimi 
značilnostmi L. acicola. 
 
Te cilje smo poskušali doseči z odgovori na naslednja vprašanja: 
1. Katere vrste so v Sloveniji, Srbiji in na Hrvaškem vpletene v razvoj rdeče pegavosti 
borovih iglic in katere vrste v razvoj rjavenja borovih iglic? 
2. Ali so populacije vrst D. septosporum, D. pini in L. acicola na preiskovanem 
območju povezane s populacijami sosednjih regij? 
3. Kakšna je genetska raznolikost populacij D. septosporum, D. pini in L. acicola na 
preiskovanem območju in ali obstaja pretok genov med njimi? 
4. Se populacije D. septosporum, D. pini in L. acicola razmnožujejo spolno ali 
nespolno? 
5. Ali se taksonomske skupine L. acicola, glede na morfološke značilnosti konidijev, 
ujemajo s taksonomskimi skupinami, ki temeljijo na genetskih podatkih? 
Vzorce smo nabirali v obdobju 2014–2016 (od maja do oktobra) na desetih lokacijah v 
Sloveniji, na Hrvaškem in v Srbiji. Vzorčna mesta so obsegala stare obalne nasade v Kožinu, 
subalpske sestoje bora na Stari Planini, alpske in subalpske sestoje v Trenti in okolici 
Tolmina, nižinske borovce v Pivki in različna drevesa, zasajena kot okrasne rastline v Čatežu 
in Celju. Enotrosne izolate smo pridobil iz treh vrst bora (P. mugo, P. nigra in P. halepensis). 
Poleg tega smo v raziskavi uporabili tudi izolate D. septosporum, D. pini in L. acicola iz 
predhodnih raziskav v Sloveniji. 
Z metodo največjega verjetja, metodo največje varčnosti in po metodi Bayesovega sklepanja 
smo filogenetsko analizirali vse tri preučevane vrste, in sicer na podlagi nukleotidnih 
zaporedij regij EF1-α, βT2 in ITS. 
Populacije D. septosporum smo analizirali s 13 mikrosatelitnimi markerji, D. pini s 17 in L. 
acicola z 11. Na podlagi analize fragmentov smo ustvarili podatkovne nize, ki vsebujejo 
profile večlokusnih haplotipov za vsak izolata. Podatkovni nizi so bili osnova za analize 
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genetske raznovrstnosti ter analiz populacijske strukture STRUCTURE in DAPC 
(diskriminantna analiza glavnih komponent). Analizo molekularne variance (AMOVA) smo 
uporabili za oceno obsega strukture in diferenciacije populacij znotraj posameznih populacij, 
gostiteljskih skupin vrst, države izvora in znotraj teh skupin. Večlokusne profile haplotipov 
(MLH) smo uporabili za preučevanje stopenj migracije med populacijami D. septosporum 
na ravni populacij in držav, od koder smo izolate pridobili. Način razmnoževanja populacij 
smo odkrivali s pomnoževanjem in analiziranjem razmerja paritvenih tipov v kombinaciji s 
populacijskim testiranjem za dokazovanje spolne rekombinacije z vezavnim ravnotežjem in 
analizo »parsimony-inheritance« analize podatkovnih nizov MLH. Preverili smo, ali 
obstajajo povezave med velikostjo konidijev in posameznimi populacijami L. acicola, ki 
smo jih določili s fragmentno analizo. 
V Sloveniji, Srbiji in na Hrvaškem smo iz deset lokacij pridobili 224 izolatov, ki smo jih z 
uporabo molekularnih podatkov identificirali kot L. acicola, D. septosporum ali D. pini. V 
vseh treh državah smo iz vzorcev izolirali D. septosporum, vrsto L. acicola v Sloveniji in na 
Hrvaškem, D. pini pa le v Sloveniji. 
V filogenetskih analizah na osnovi nukleotidnih zaporedij regij EF1-α in βT2 so se slovenski 
in srbski izolati D. septosporum večinoma grupirali z izolati iz srednje in južnoevropskih 
držav, medtem ko so se hrvaški izolati umestili skupaj z izolati večinoma iz južne poloble in 
iz Oregona, ZDA. V tej študiji smo odkrili dva nova haplotipa EF1-α D. septosporum, prvi 
je bil edinstven za hrvaško populacijo, drugi haplotip pa je bil izoliran v Celju, Slovenija. 
Pri analizi genskega območja EF1-α so izolati s Hrvaške tvorili posamezen podklad, srbski 
in slovenski izolati pa so združeni z izolati iz Avstralije, Čila, Francije in Oregona, ZDA. 
Vsi testirani izolati niso izražali razlik v nukleotidnih zaporedjih regije ITS in na osnovi te 
regije se vsi izolati uvrščajo v do sedaj najpogostejši znan haplotip D. septosporum. 
Slovenska populacija D. pini je pokazala identične sekvence z izolati iz severne ZDA, s 
čimer je s temi izolati tvorila skupno gručo v analizah vseh treh genskih regij. 
Z metodo največjega verjetja, metodo največje varčnosti in po metodi Bayesovega sklepanja 
smo filogenetsko analizirali L. acicola izolate in vse tri topologije pridobljenih dreves so bile 
podobne. Izolati iz Slovenije in Hrvaške so združeni v »severno linijo«. Preučevani izolati 
iz Slovenije so identični tipskemu sevu L. acicola, medtem ko so izolati iz Hrvaške vsebovali 
edinstven polimorfizem (1 nukleotid razlike). Hrvaška populacija tako predstavlja nov EF1-
α haplotip L. acicola. Opaženi rezultati potrjujejo predpostavljeno hipotezo, da je bila 
skupna severnoameriška populacija izvorni vir okužb z L. acicola v osrednji in severni 
Evropi. 
Vse D. septosporum populacije so imele relativno visoko raznolikost haplotipov. Klonske 
frakcije so bile nizke pri vseh populacijah, razen v Pivki (Slovenija) in Tari (Srbija). 
Genetske razdalje so pokazale zmerno do nizko razliko med večino analiziranih populacij, 
razen Trente in Kožina, ki sta bili najbolj divergentna. Bogastvo mikrosatelitskih alelov je 
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bilo v vseh populacijah zmerno do visoko in se ni razlikovalo bistveno, za razliko od 
individualnega alelnega bogastva, ki se je bistveno razlikovalo. 
Populacijske analize D. septosporum so pokazale, da večina slovenskih in srbskih izolatov 
tvorijo združen genetski grozd, medtem ko je populacija iz Trente tvorila ločeno gručo. 
Populacija D. septosporum iz Hrvaške se je razlikovala od vseh drugih testiranih populacij 
in je bila najbolj divergentna. Analiza DAPC je pokazala prisotnost sedmih genetskih skupin 
med analiziranimi populacijami D. septosporum. Vendar pa, ko primerjamo rezultate 
STRUCTURE in DAPC, lahko opazimo podobne vzorce populacijske stratifikacije, pri 
čemer večino genetske zmesi opazimo med slovenskim (razen izolatov iz Trente) in srbskimi 
populacijami. AMOVA je pokazala, da je večina molekularne variance v označenih 
skupinah (populacijah, skupinah gostiteljskih vrst, državi izvora), namesto med temi 
skupinami, kar se običajno vidi med populacijami, ki so v stiku (genski tok in s skupnim 
prednikom). 
Po analizah Migrate-n na ravni populacij in držav se največji del genskega pretoka D. 
septosporum je med populacijami iz Srbije in Slovenije, kar se odraža tudi v pridobljeni 
populacijski strukturi. Splošna genetska pestrost v večini analiziranih populacij je bila 
zmerno do zelo visoka, kar ni tipično za novo nastale populacije, kar kaže na daljšo 
prisotnost D. septosporum v Evropi, kot se je prej domnevalo. 
Populacija D. septosporum iz Trente je imela najvišjo bogastvo mikrosatelitskih alelov, 
najvišjo haplotipsko raznolikost, prisotnost obeh tipov parjenja in najnižjo klonsko frakcijo. 
Čeprav je bila bolezen prvotno odkrita leta 2013 v porečju reke Soče in glede na ugotovljeno 
splošno gensko raznolikost, je bolezen verjetno prisotna v Julijskih Alpah že dlje časa. 
Glede na to, da je bila rdeča pegavost borovih iglic ugotovljena v zahodni Srbiji že v 
osemdesetih let prejšnjega stoletja, je nizka stopnja okužbe P. nigra, ki je avtohton na tem 
območju, mogoče posledica dolgotrajnega sožitja tega gostitelja in patogena v regiji. Visoka 
odpornost P. nigra, ki izvira iz tega območju, proti rdeči pegavosti, je opažena tudi v 
predhodno izvedenih študijah. 
Rdeča pegavost borovih iglic je bila prvič zabeležena v Kožinu (Hrvaška) leta 2010. Glede 
na to, da je bila opažena splošna genetska raznolikost skoraj tako visoka, kot je bilo pri D. 
septosporum populaciji v Trenti in da je bolezen prisotna na Hrvaškem od 80-ih let, je 
verjetno, da je v Kožinu bolezen prisotna dlje, kot je bilo prvotno mišljeno. Poleg tega se 
populacija D. septosporum v Kožinu, tako po filogenetskih kot klasterskih analizah, grupira 
ločeno od izolatov iz Srbije in Slovenije, torej okužbe verjetno izvirajo iz drugega vira. 
Analiza načina razmnoževanja, kot tudi velika raznolikost haplotipov, kažeta, da se 
populacije D. septosporum v srednji in jugovzhodni Evropi razmnožujejo spolno in 
nespolno. Prisotnost klonov v vseh testiranih populacijah kaže na ugotovitev, da nespolna 
reprodukcija igra pomembno vlogo pri genetski strukturi populacij D. septosporum na 
preučevanih območjih južne Evrope. Vendar pa opazovane nizke stopnje neravnovesja v 
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povezavi, visoka haplotipska raznolikost, številčnost haplotipov in enakomerna porazdelitev 
obeh paritvenih tipov kažejo, da ima spolno razmnoževanje ima pomembno vlogo pri 
testiranih populacijah D. septosporum. Za panmiktične populacije so značilne visoke splošne 
genetske raznovrstnosti, nizke klonske frakcije in majhno število deljenih haplotipov. 
Vse analize kažejo, da imajo testirane slovenske in srbske populacije D. septosporum skupne 
prednike in so del večjega genetskega grozda. Glede na geografski položaj vzorčnih mest, 
zgodovino in populacijsko analizo, ki so predhodno bile izvedena v sosednji regiji, je možno, 
da te populacije predstavljajo del večjega grozda, ki se nahaja v Panonskem bazenu ali 
medsebojno delujejo preko tega ozemlja kot obsežne genetske skupine, saj so v nekaterih 
sosednjih državah opazili evropske populacije D. septosporum, ki se razprostirajo skozi več 
mejnih držav. 
Izolati populacije D. pini, pridobljeni v tej študiji, skupaj s predhodno pridobljenimi izolati 
iz Slovenije, so bili vključeni v procesu razvoja mikrosatelitnih markerjev. Slovenska 
populacija D. pini je glede na uporabljene mikrosatelitne markerje genetsko klonska. 
Opažena nizka genska raznolikost, prevalenca enega tipa parjenja, posamezne gostiteljske 
vrste in en filogenetski haplotip so najverjetneje posledica nedavnega vnosa te vrste v 
Slovenijo. Potrebne so nadaljnje raziskave, ki bi vključile populacije iz sosednjih držav, z 
namenom identifikacije migracijskih poti in vira okužb z D. pini v Sloveniji. 
Populacijska analiza L. acicola je pokazala prisotnost štirih različnih genetskih skupin, ki na 
splošno ustrezajo geografski lokaciji in gostitelju. Molekularne razlike med populacijami, 
med skupinami gostiteljev in znotraj teh skupin, skupaj z opaženo jasno populacijsko 
strukturo, kažejo na antropogeni vpliv pri razširjanju patogena in nakazujejo na malo ali nič 
pretoka genov med patogenimi populacijami. Vrsta L. acicola, osamljena iz vrste P. nigra, 
kar je redek pojav v Evropi, je pokazala popolno genetsko klonalnost in en sam paritveni tip. 
Neenakomerno razmerje prisotnosti paritvenih tipov, nizko število haplotipov in nizka 
splošna genetska raznovrstnost, ugotovljena v analizirani populaciji, kažejo na močan vpliv 
nespolnega razmnoževanja. Rezultati analize grozdenja in način razmnoževanja so pokazali 
na potencial spolnega razmnoževanja, ki se pojavlja med geografsko bližnjimi populacijami 
z različnimi paritvenimi tipi, pri čemer nastajajo dolgožive askospore, ki se prenašajo z 
vetrom, kar lahko povzroči razširjanje bolezni na daljše razdalje. Morfometrična analiza ni 
pokazala povezav med dimenzijo konidijev in razultatov analize grozdenja L. acicola 
populacij v Sloveniji in na Hrvaškem. Poleg tega lahko opazovana povezava med 
dimenzijami konidijev in gostiteljskimi vrstami nastane zaradi velikosti trosišč in razlilčnih 
širin, ki jih imajo iglice pri posameznih vrstah borov. Čeprav so nekatere izmed najstarejših 
zabeleženih evropskih najdb rjavenja borovih iglic iz Hrvaške, sedanje ugotovitve niso 
pokazale, da bi bila hrvaška populacija vir izbruhov te bolezni v Sloveniji. Nedavni izbruhi 
L. acicola, zabeleženi v Sloveniji, so najverjetneje posledica več neodvisnih vnosov, ki pa 
jih je potrebno še identificirati. 
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Pinus mugo je najpogostejši gostitelj rjavenja borovih iglic na preučevanem območju v 
Sloveniji (lokacije Trenta, Čatež, Ljubljana in Bled). Čeprav je L. acicola prisotna v Kožinu 
(Hrvaška) že več desetletij, so okužbe odkrili le na P. halepensis, kljub drugim vrstam borov 
(npr. P. pinaster in P. nigra), ki rastejo v neposredni bližini okuženega nasada. Podobno je 
bilo pri populacijah L. acicola v Trenti in Ljubljani (Slovenija), kjer P. nigra in P. sylvestris 
nista bila okužene, čeprav rastejo v bližini hudo okuženih sestojev P. mugo. Opaženi pojavi 
so lahko posledica mikroklime in okoljskih dejavnikov, ki bi lahko vplivali na gostiteljske 
vrste, da so bolj dovzetne ali odporne proti okužbi, pa tudi zaradi porekla in starosti 
gostitelja. 
Dobljeni rezultati nakazujejo, da se L. acicola prenaša s pomočjo človeka. Jasna ločitev 
genetskih grozdov, ki so posledica večkratnega vnosa, ki sledi geografski porazdelitvi 
izolatov, kaže na možnost gibanja, posredovanega s človekom. Nizka splošna genetska 
variabilnost, opažena pri analiziranih populacijah L. acicola je značilna lastnost nedavno 
uvedenih populacij v nova območja. Nizka haplotipska raznolikost, prevalenca enega 
paritvenega tipa in visoke klonske frakcije, prisotne v populacijah, kažejo, da se populacije 
razmnožujejo nespolno. Rezultati kažejo, da bi bilo pomembno spremljati določene 
populacije, saj bi mešanje dveh bližnjih populacij nasprotnih paritvenih tipov, kot so npr. 
Trenta in Tolmin, lahko sprožilo nastanek askospor. Spolna rekombinacija je bila že odkrita 
v Nemčiji in Avstriji in porast L. acicola okužb, o katerih poročajo v nekaterih evropskih 
državah, bi lahko pripisali posledici spolnega razmnoževanja. Število poročil L. acicola se 
povečuje, gliva pa je že prisotna v naravnih gozdnih sestojih v Evropi. Ob upoštevanju vsega 
naštetega je vprašljiva ustreznost sedanjih karantenskih ukrepov. Jasno je, da ne bi smeli biti 
osredotočeni le na patogene vrste, pač pa bi morali upoštevati tudi znotrajvrstne različke 
(npr. paritveni tipi, haplotipi).  
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Appendix 1. Deposited Dothistroma septosporum, D. pini and Lecanosticta acicola GenBank sequences that were used in the present study. 
Organism Isolate Country Location ITS TEF1-α βT2 
Dothistroma septopsorum 02DS Slovenia Trenta MN238839 MN257941 MN257902 
Dothistroma septopsorum 29DS Slovenia Celje MN238840 MN257942 MN257903 
Dothistroma septopsorum 98DS Slovenia Pivka MN238841 MN257943 MN257904 
Dothistroma septopsorum 50DS Serbia Stara Planina MN238842 MN257944 MN257905 
Dothistroma septopsorum 62DS Serbia Western Serbia MN238843 MN257945 MN257906 
Dothistroma septopsorum 69DS Croatia Kožino MN238844 MN257946 MN257907 
Dothistroma septopsorum 81DS Croatia Kožino MN238845 MN257947 MN257908 
Dothistroma septopsorum 85DS Croatia Kožino MN238846 MN257948 MN257909 
Dothistroma pini ZLVG 450 Slovenia Pivka MN242713 MN257949 MN273689 
Dothistroma pini ZLVG 454 Slovenia Pivka MN242712 MN257950 MN273690 
Dothistroma pini ZLVG 465 Slovenia Pivka MN242714 MN257951 MN273691 
Dothistroma pini ZLVG 393 Slovenia Dutovlje MN242715 MN257952 MN273692 
Lecanosticta acicola ZLVG 280 Slovenia Bled MN294499 MF872266 - 
Lecanosticta acicola ZLVG 284 Slovenia Ljubljana - MF872267 - 
Lecanosticta acicola ZLVG 388 Slovenia Ljubljana - MF872268 - 
Lecanosticta acicola ZLVG 646 Slovenia Tolmin MN294503 MF872269 - 
Lecanosticta acicola ZLVG 491 Slovenia Trenta MN294500 - - 
Lecanosticta acicola ZLVG 494 Slovenia Trenta - MF872254 - 
Lecanosticta acicola ZLVG 498 Slovenia Trenta - MF872255 - 
Lecanosticta acicola ZLVG 499 Slovenia Čatež MN294501 MF872256 - 
Lecanosticta acicola ZLVG 501 Slovenia Čatež - MF872257 - 
Lecanosticta acicola ZLVG 502 Slovenia Čatež - MF872258 - 
Lecanosticta acicola ZLVG 534 Croatia Kožino MN294502 MF872259 - 
Lecanosticta acicola ZLVG 540 Croatia Kožino - MF872260 - 
Lecanosticta acicola ZLVG 541 Croatia Kožino - MF872261 - 
Lecanosticta acicola ZLVG 546 Croatia Kožino - MF872262 - 
Lecanosticta acicola ZLVG 550 Croatia Kožino - MF872263 - 
Lecanosticta acicola ZLVG 551 Croatia Kožino - MF872264 - 
Lecanosticta acicola ZLVG 552 Croatia Kožino - MF872265 - 
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Appendix 2. Dothistroma septosporum, D. pini and Lecanosticta acicola isolates from which GenBank sequences were used in the present study. 
Organism Isolate Country of origin Host Date collected 
Dothistroma septosporum CMW10722 Kenya Pinus radiata 2001 
Dothistroma septosporum CMW13004 Poland Pinus nigra 2003 
Dothistroma septosporum CMW13122 Germany Pinus mugo - 
Dothistroma septosporum CMW13123 Slovakia Pinus sylvestris - 
Dothistroma septosporum CMW14822 Oregon Pinus ponderosa 1983 
Dothistroma septosporum CMW14903 Austria Pinus peuce 2004 
Dothistroma septosporum CMW6841 Australia Pinus sp. 2000 
Dothistroma septosporum CMW8658 RSA Pinus radiata 2001 
Dothistroma septosporum CMW9304 Chile Pinus radiata 2001 
Dothistroma septosporum CMW9920 Ecuador Pinus muricata 2001 
Dothistroma septosporum CMW9992 France Pinus coulteri - 
Dothistroma septosporum CMW44656 Russia Pinus sylvestris 2013 
Dothistroma septosporum ZLVG 361 Slovenia Pinus nigra 2012 
Dothistroma septosporum ZLVG 364 Slovenia Pinus nigra 2012 
Dothistroma pini ZLVG 363 Slovenia Pinus nigra 2013 
Dothistroma pini ZLVG 393 Slovenia Pinus nigra 2013 
Dothistroma pini ZLVG 394 Slovenia Pinus nigra 2013 
Dothistroma pini CMW10930 Michigan Pinus nigra 2001 
Dothistroma pini CMW14820 Minnesota Pinus nigra 1970 
Dothistroma pini CMW23767 Ukraine Pinus palassiana 2004 
Dothistroma pini CMW23768 Ukraine Pinus palassiana 2004 
Dothistroma pini CMW23769 Ukraine Pinus palassiana 2004 
Dothistroma pini CMW24852 Russia Pinus palassiana 2006 
Dothistroma pini CMW24853 Russia Pinus palassiana 2006 
Lecanosticta acicola FJ467323 France Pinus muricata 1995 
Lecanosticta acicola FJ467325 Louisiana Pinus palustris 1995 
Lecanosticta acicola FJ467326 France Pinus sp. 1995 
Lecanosticta acicola FJ467327 France Pinus radiata 1994 
Lecanosticta acicola JX901632 France Pinus radiata - 
Lecanosticta acicola JX901640 USA Pinus palustris - 
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continuation of Appendix 2 
Organism Culture number Country of origin Host 
Date 
collected 
Lecanosticta acicola JX901646 Lithuania Pinus mugo - 
Lecanosticta acicola JX901645 Lithuania Pinus mugo -          
Lecanosticta acicola  KC013002 North USA Pinus strobus - 
Lecanosticta acicola KC013003 North USA Pinus strobus - 
Lecanosticta acicola KJ938438 North USA Pinus strobus 2011 
Lecanosticta acicola KJ938440 Mexico Pinus halepensis 2010 
Lecanosticta acicola KJ938441 Mexico Pinus halepensis 2011 
Lecanosticta acicola KJ938442 China Pinus elliottii 1988 
Lecanosticta acicola KJ938443 South USA Pinus palustris 2012 
Lecanosticta acicola KJ938444 South USA Pinus palustris 2013 
Lecanosticta acicola KJ938449 Mexico Pinus arizonica 2010 
Lecanosticta acicola KJ938451 South USA Pinus palustris 2012 
Lecanosticta acicola CMW13119 China Pinus elliottii - 
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Appendix 3. Primer specifications of the 16 polymorphic microsatellite markers developed for Dothistroma pini (source: Siziba et al., 2016). 




















DP-MS1 F-GTGGGGTTTGTTGTTTCTGT KM206750 (CAGCA)8 229 60 NED 1.5/100 1 6 209–294 0.75 
R-CTCAAGTGGTATCCGTCCGT         
DP-MS2 F-CCGTGCGGCATCTCTAAT KM206751 (AG)14 201 57 PET 2.0/100 1 3 201–203 0.34 
R-CGCGTCGAGGATAATGTC         
DP-MS4 F-TGGCGCTCGGAAGATAGT KM206752 (AT)11 185 60 VIC 1.5/100 1 2 169–185 0.22 
R-TGCTCTCCCTCCGTTTGT         
DP-MS5 F-GGTGTGCGTTTCTTGTCGT KM206753 (GATGCT)8 352 58 VIC 1.0/100 1 4 340–364 0.6 
R-CGCGTGATTTGTGGCTTGT         
DP-MS6 F-CAGCGGAAACAACTCGATATAC KM206754 (TGTGCC)7 203 58 FAM 1.6/200 2 2 187–205 0.43 
R-GACCAAGAAGACGAACAGCA         
DP-MS7 F-ACAAGCATACAACTTACCACCA KM206755 (GTT)17 397 62 PET 1.6/200 2 6 392–404 0.77 
R-CAAGAACGCCACCACACAACCA         
DP-MS8 F-CCACTCCACCGACATCGAA KM206756 (CAT)10 350 60 PET 2.0/200 2 3 349–352 0.31 
R-ACCCGCATAGCATCGACAA         
DP-MS9 F-GCCTGCTGGTGATCCTGTCT KM206757 (TTG)15 359 60 NED 1.4/200 2 2 341–347 0.44 
R-TGCTCGTCTTGGCCTGGTT         
DP-MS10 F- GCTGAGATCCACCGAACGA KM206758 (GAT)13 256 58 VIC 0.8/100 1 2 250–256 0.26 
R-CACTACTCCTCCTCCTCTTTCC         
DP-MS11 F-CTCGCACCCTCTCTTTCATT KM206759 (ACA)18 325 58 FAM 1.0/100 1 7 298–328 0.79 
R-GCTCGGGGTCCATTTTCA         
DP-MS12 F-GCGCTTTCTTCGCCTCATT KM206760 (CTT)17 389 60 FAM 1.4/200 2 10 285–396 0.82 
R-CGACCCCGACATACTACC         
DP-MS13 F-CGTTGCTGGGAAGTAGGA KM206761 (TGA)10 344 58 PET 1.5/100 1 9 342–363 0.75 
R-GAAGAGAGTGAGAGCGGGT         
DP-MS15 F-CGTCGTCCTTCTCCCATT KM206762 (ATC)14 270 60 PET 2.0/200 2 2 259–271 0.54 
R-GATCTTGGGGCATTCTTTGT         
DP-MS16 F-GCTCTTTGCCTGGGGTTT KM206763 (TTC)13 325 58 VIC 1.4/200 2 2 324–327 0.28 
R-GGTGGTTGGAGGTGCTTGGA         
DP-MS17 F-ACCAGGGAAGAGGACAGCA KM206764 (TCGTAG)8 240 60 NED 1.2/200 2 4 226–250 0.45 
R-TGGTCGAGGTAAAGAGAGGG         
DP-MS18 F-ATGGGGAAGTGTGGAGAGG KM206765 (AG)13 217 58 VIC 1.2/200 2 2 213–215 0.17 
R-GCAGGAGACAGGAAGCAGA         
 
1Optimal dilution for the amplicon produced per primer set for fragment analysis. 
2Number of alleles per marker after analysis of 32 isolates. 
3h, Nei’s (1973) gene diversity. 
